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ABSTRACT
The methods for production of recessed oxygen microelectrodes developed by
Whalen, et al. (1967) and improved upon by Linsenmeier, et al. (1987) are dated
production methods by the standards o f sensor production o f the current time. The
production process for this type o f polarographic oxygen sensing electrode has
remained unchanged for over 10 years, and is a time consuming, extremely low-yield
process. The goal of this project has been to use the techniques of micromanufacturing
available at the Institute for Micromanufacturing at Louisiana Tech University to
construct a recessed oxygen microelectrode with a batch process that has higher yield
than the methods used to make the Whalen/Nair microelectrode, and to prove
functionality at least equivalent to the Whalen/Nair electrode.
The thin-film micromanufacturing process takes advantage of batch processing
techniques and uses DC vacuum sputter deposition to apply a 0.5 micrometer catalytic
platinum layer and RF vacuum sputter deposition to deposit a 2.0 micrometer outer
insulation coating o f silicon dioxide over a pulled glass core to construct the electrode.
It uses a spin-on-glass coating over the silicon dioxide layer to insure complete sealing
o f the outer insulation coating. Focused ion beam machining is used to machine the tip
o f the electrode to expose the catalytic sensing surface and give an overall tip diameter
o f 7-8 micrometers.
These electrodes have been tested for response to oxygen by comparing
responses in air-equilibrated 0.1M sodium chloride solutions with responses in 100%
i
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nitrogen-equilibrated O.IM sodium chloride solutions. Electrodes have been tested for
stir sensitivity by comparing response in moving and stagnant air-equilibrated O.IM
sodium chloride solutions.
Using the thin-film micromanufacturing process and focused ion beam
machining, a process has been developed to produce recessed oxygen microelectrodes
with a tip diameter o f less than 10 micrometers that have a 3.0% stir sensitivity and a
zero oxygen equilibrated O.IM sodium chloride solution response that is less than 0.5%
o f an air equilibrated response. The process can produce a batch of electrodes with a
60% yield, which is at least a 50% improvement over the yield reported by Ober, et, al.
(1996).

ii
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CHAPTER 1
INTRODUCTION
1.1 Historical Relevance
The oxygen molecule has been called the molecule o f life because it is required
by all animals to live. Scientists in the past have studied the utilization of this important
element to learn how it allowed an organism to sustain life. Science has shown that the
oxygen molecule is the terminal electron acceptor in the electron transport chain for
oxidative phosphorylation. It is because of an adequate concentration o f oxygen in tissue
that glucose can be completely broken down into C 0 2 and H20 , and at the same time
build ATP from ADP + Pj.

Most biological reactions are driven by substrate

concentration in the same way. Today, scientists still study the utilization o f oxygen to
further their understanding of the molecule’s role in reactions within tissues.
Sensing oxygen was originally accomplished using the manometric technique
developed in the 1940’s and 1950’s. The inability of the manometric technique to follow
rapid changes and make tissue level measurements in biological systems required that
new techniques be developed (Davies, 1962). The technique that was developed to fit
these requirements was polarographic oxygen sensing.
Scientists have developed several different types o f polarographic oxygen sensors
to help them measure dissolved oxygen in their particular areas of interest.

If the

particular area of interest of a scientist was the oxygen level at a specific point within a
1
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tissue with the best temporal resolution, then the best tool available to measure the
amount of oxygen would be an oxygen microelectrode, developed by Whalen, et al.
(1967). Whalen, et al. (1981) used such an electrode to measure oxygen consumption in
the cat carotid body and its relation to sinus nerve discharge, and in many other tissues.
The Whalen/Nair recessed needle oxygen cathode had the advantages of the abilities to
make cellular level oxygen partial pressure* measurements, insensitivity to substrate
stirring effects, and a response time short enough for real time measurements (Whalen et
al., 1973).
The W/N electrode has a typical tip diameter o f 1-2 micrometers (microns) and is
made to respond to oxygen by polarizing it cathodically with respect to a reference
electrode. At the proper polarization voltage, a current proportional to the oxygen partial
pressure in the given area o f interest is generated at the tip o f the electrode (in spite o f the
fact that it is the transduction principal that is proportional to oxygen flow). Measure of
partial pressure is possible because electron flow is proportional to the diffusion limited
oxygen flow to the catalytic metal surface of this electrode (where oxygen is reduced).
This ability to measure absolute partial pressure, and not oxygen availability, makes the
W/N electrode unique. The fact that measurements are made with the electrode when the
noble metal surface is “polarized” makes this electrode a polarographic microelectrode.
Measurement of the current from the “polarized ” surface of a metal electrode is
the basis of polarography in general.

Polarographic oxygen sensors are used in

applications as diverse as making cellular level oxygen measurements and measuring
oxygen in industrial reaction vessels at high temperature and pressure (Fatt, 1976).
* pO?. or oxygen partial pressure, is taken as a measure o f oxygen concentration in this
study (Appendix C).
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1.2 B asis for B iosensors
In addition to measuring oxygen directly, polarographic oxygen sensors today
form the basis of many enzymatic electrochemical sensors.

Oxygen electrode-based

biosensors are used to measure glucose, lactate, L-amino acids, sulfide, salicylate,
oxalate, and pyruvate, to name a few (Wise, 1990). These sensors also have a variety of
designs unique to their intended application, but share the basis o f a polarographic
oxygen sensor with an immobilized oxidoreductase enzyme at the polarized noble metal
surface (Taylor and Schultz, 1996), (Buerk, 1993). When associated with enzymes for
sensing chemical species other than oxygen, the sensor is generally referred to as an
amperometric biosensor. The name is derived from the fact that the current output o f the
sensor is related to the species measured.

The current output is proportional to the

species under study through its reaction with the enzyme and the enzyme’s influence at
the noble metal surface. Amperometric biosensors represent 65% o f the world biosensor
market (Madou, 1997).

The importance of amperometric biosensors highlights the

importance of the continued development o f polarographic oxygen sensors.

1.3 R esearch Needed
Polarographic electrodes for use in tissue level oxygen measurements have been
manufactured using several different techniques, all o f which have proven to be difficult.
Techniques of manufacture have improved over the last thirty years; however, production
processes for electrodes of this type still remain “low yield” and “by hand” processes.
This limitation suggests that the classical production methods have reached a level
limited by the production methodology.
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An analogous situation with respect to “by hand” production occurred in the
automobile industry with the implementation of the assembly line by Henry Ford. The
assembly line allowed for the production of enough automobiles to make them low cost
and available for widespread use.

Another analogous situation with respect to

miniaturization occurred in the electronics industry with the development o f the
integrated circuit.

Vacuum tubes were replaced by transistors that were smaller and

could be produced more efficiently. The techniques used in the production o f integrated
circuits have allowed researchers to push miniaturization limits to smaller dimensions
than have ever been possible.

Calculating machines that once filled an entire room can

now fit in one’s palm. These same techniques form the basis o f micromanufacturing,
which has allowed the production of smaller mechanical devices than has ever been
possible.
Many scientists have been working to develop new sensors based on emerging
miniaturization manufacturing techniques.

Wise and Najafi (1991) and Beebe, et al.

(1995) have described ways in which the techniques o f micromanufacturing may be
applicable to the field o f microsensors, such as through the development of micro flow
sensors and intracortical needle microprobes.

Baumgrtl, et al. (1983) have used some

micromanufacturing techniques to aid in production o f an electrode similar to the one
described in this work.

Their oxygen sensing microelectrode was produced using

micromanufacturing-type processes to supplement standard manufacturing techniques,
but they have still relied on “by hand” processes such as individually fusing glass tubing
to platinum wire. The use o f “by hand” processes severely limit production yield. This
work addresses a method of production that does not rely on these “by hand” techniques,
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but instead relies principally on the techniques of micromanufacturing, specifically thinfilm processing and focused ion beam machining.
This study includes mathematical modeling o f the micromanufactured oxygen
microelectrode to help determine limits that may be imposed by the micromanufacturing
processes or by the measurement system. Modeling is also of benefit here because few
authors have adequately modeled the electrode sensor system as it applies to their
individual design. Most have given some consideration to the basic physical laws that
apply to their design, but only a few have used modeling to predict design parameters in
detail. Schneiderman (1975) did develop an extensive model specifically for the W/N
electrode, but he did not model the electrical characteristics of the sensing system. In this
work, the model is used to guide the development o f the production process.
The model in this work uses a hybrid electrical/mass transport approach to
suggest trends in performance as the electrode material properties and geometry are
altered. It combines modeling of the electrical design o f the microelectrode measurement
system with the mass transport modeling of the properties of the sensing area at the
microelectrode tip. This modeling effort allows the effects of variation of tip dimensions
to be seen in both the measurement medium and in the system overall.

1.4 Objectives of the Research
The objective of this research is to construct a polarographic needle oxygen
microelectrode with a sample area on the order o f cubic microns using the techniques of
micromanufacturing.
Specific objectives are as follows:
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1. model the electrode sensor system to determine how tip geometry limits the
measurement system and avoid less-understood phenomena;
2. develop

a

process

for

production

of

such

an

electrode

using

micromanufacturing techniques exclusively and minimizing “by hand”
processes that have previously limited production o f this type o f electrode;
3. develop a micromanufacturing process that will allow production of such an
electrode with greater yield than has been possible through standard
production methods (greater than 10 %);
4. insure that the micromanufacturing process will provide an electrode that will
have a more consistent performance than previous methods using “by hand”
production; and

1.5 M icroelectrode Terminology
It is important, for this discussion, to be familiar with some naming conventions
that are used when describing the different parts o f microelectrodes. There are a variety
of names for each part of the electrode used throughout the industry. For the purposes of
reducing confusion, the naming conventions used in this text are displayed in Figure 1.
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Shoulder
Neck
Base

Shank
Figure 1 - Electrode Part Naming Conventions
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CHAPTER 2
RELATED RESEARCH
2.1 Thin-Film Oxygen S ensors
Several authors have constructed oxygen-sensing electrodes using thin-film
technology for a wide variety o f applications.

Miyahara, et al. (1987) have taken

oxygen sensor manufacturing directly from the integrated circuit industry by making
voltametric oxygen sensors from field-effect transistors.

Several authors have used

silicon micromachining to create amperometric oxygen sensors on a silicon chip. Eden,
et. al. (1975) developed a silicon based on-line Clark-type oxygen sensor. Arquint, et
al. (1994) combined an oxygen sensor with a COi sensor and a pH sensor in a series
channel arrangement. Meyer, et al. (1995) built a 2-dimensional array o f individually
addressable amperometric oxygen electrodes on a silicon chip, which they used to
image oxygen distribution as an alternative imaging device to the scanning
electrochemical microscope. Hutchings, et al. (1987) made an amperometric oxygen
electrode on polytetraflouroethylene (PTFE) film for studies in wound healing. These
electrodes share a common ability to sense oxygen over a large sample volume on the
order of cubic centimeters with a response time of seconds to minutes.

They are

intended for area measurements and cannot be inserted into tissue.
An oxygen microelectrode is used for cellular level and tissue level oxygen
measurements, usually in real time. It has a much smaller sample volume, a faster
8
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response time, and low stir sensitivity, when compared to other oxygen sensors. They
are intended to be inserted into tissue to make point oxygen measurements. Specific
point oxygen measurements require that the electrode be sharp and needle-like with a
tip diameter on the order o f microns, and it requires that the tip somehow limit oxygen
diffusion to establish stir insensitivity. Real time measurements o f oxygen changes in
tissue require a fast response time, on the order of tens of milliseconds.

2.2 Needle-like Small Sample Volume
Oxygen Microelectrodes
Needle-like oxygen microelectrodes, with their small sensing volumes (on the
order of cubic microns), have the specific application of being able to be inserted into
samples with minimal disturbance to both the sample itself and the oxygen field within
the sample (Vanderkool, et al., 1991).

This application is especially desirable in

biological preparations where point oxygen measurements are desired. Silver (1973)
suggests that the electrode itself disturbs the tissue and the oxygen field within the
sample, a fact studied later by Schneiderman (1975).

For this reason, oxygen

microelectrodes must be as small as possible to minimize this disturbance. There are
many methods of production of microelectrodes with this intended use. However, all of
these distinct methods o f production share the common shortfall of using ‘"by hand”
production methods, which severely limit the yield. This work intends to overcome the
limited production processes currently in use by applying micromanufacturing
processes throughout to enhance yield.

Though some researchers have used

micromanufacturing techniques as part of their manufacturing process, yield has still
been limited by the “by hand” steps of manufacturing. Enhanced yield can only be
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realized by the application o f micromanufacturing techniques throughout the entire
oxygen microelectrode manufacturing processes, as is demonstrated by the example
below.
Baumgartl (1983) used some micromanufacturing techniques to aid in the
construction of his electrodes and produced an amperometric oxygen microelectrode
with an

average tip

diameter

o f 0.6

microns although

he

did

not

use

micromanufacturing techniques exclusively. Most of his production process still had to
be done by hand by a skilled researcher, which limited production and prevented batch
processing. A specific example o f “by hand” processing in this case was the first step
of the process where he applied insulation to a platinum wire. Baumgartl’s process
required that platinum wire be heat fused “by hand” into a glass tube to insulate the
platinum wire.

This part o f the process had to be performed repetitively for each

electrode by a skilled researcher. This step of production could have been automated
using a micromanufacturing technique. Had a micromanufacturing process been used
for the insulation step, it would have substantially improved the yield o f Baumgartl’s
manufacturing process.

He also used electroplating to apply gold to the tips of his

electrodes and used a “by hand” beveling process to sharpen his electrodes. These
processes also slowed production and reduced yield.
Baumgartl did benefit slightly from use of micromanufacturing techniques. He
used micromanufacturing to construct the reference electrode to be paired with his
sensing cathode before finally adding a membrane. His overall process yield was still
limited by his use of “by hand” construction techniques, however.

The platinum

cathode on which the reference electrode was built was constructed completely “by
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hand.” He applied additional insulation layers on the outside o f his platinum cathode
with vacuum sputtering. These layers included a tantalum (Ta) layer for adhesion, a
platinum (Pt) layer for conduction, and a silver/silver chloride (Ag/AgCl) layer to form
a reference electrode. Although he did apply some micromanufacturing techniques, he
did not benefit from the process automation afforded by these techniques because they
were not applied to all steps o f the microelectrode manufacturing processes.
Baumgartl’s technique for production o f the platinum cathode was similar to the
technique used by Silver in 1965, but with the advance o f a micromanufactured
reference electrode. Silver built his electrodes by fusing platinum wires into glass and
adding a membrane over the outside. Where Silver covered the tips of his electrodes
with a membrane, Baumgartl, et al. added additional layers o f vacuum deposited
material for a reference electrode and insulation layers o f S 1O 2 or another sputtered
insulator before adding a membrane.

The technique o f Silver, as well as all other

techniques used for producing needle oxygen microelectrodes at the time, was reviewed
by Schneiderman in 1975.
It is important to note that there are other researchers who have used sputtering
techniques to generate coatings on very small tips of other pointed devices. Researchers
such as Shi, et al. (1998) have sputtered gold on etched optical fibers for use in scanning
electrochemical microscopy. This demonstrates how similar thin-film techniques have
been applied in other fields. Work such as this was also considered in the background
research done for this study.
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2.2.1 Basic Divisions bv
Manufacturing Technique
Schneiderman (1975) divided microelectrode manufacturing techniques into five
basic types. Of these five, the first three production methods have survived and are still
in wide use today. The last two methods of production are not widely used today, but
are included for completeness. His basic division o f the techniques is outlined below:

1.) Recessed type —the type described by Whalen, et al. (1967) and refined by
Whalen and Nair, referred to as the Whalen/Nair type electrode. This electrode
was a direct descendant o f the larger recessed cathode used by Davies and Brink
(1942), which was made o f either gold or platinum. Further modifications to the
construction process were made by Linsenmeier, et al. (1987). This particular
electrode has a major influence on this project, and its construction will be
described in detail below.

2.) Needle type —described by Silver (1965) and Baumgartl, et al. (1972) made
by chemically etching a thin platinum wire to a fine point, then covering all but
the extreme tip of the wire with glass for insulation, and finally covering the tip
with an O2 permeable membrane material. As noted above, Baumgartl, et al.
(1983) have made several advances to this type of electrode.

3.) Silver’s Clark type — an electrode that shared its design with the common
Clark-type electrode (Clark, et al., 1953 and Clark, 1956) in that its cathode and
reference were enclosed behind an outer membrane. Silver managed to reduce
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the size o f this Clark-type electrode to have an overall tip diameter o f 2-5
microns (1965). The electrode consisted o f a chemically-etched platinum wire
inserted into a glass capillary with a silver/silver chloride reference and an
electrolyte solution. The electrode was then sealed in an electrolyte-carrying
resin and an oxygen-permeable resin. A similar electrode was produced by
Ober, et al. (1995), starting with A Whalen/Nair type electrode and enclosing
both the cathode and the reference behind an outer glass casing.

4.) Rod type —described by Erdmann (1971) consisting o f gold wire covered in
glass. The coated wire was 1-5 microns in diameter. The gold wire extended
about 1 cm from a glass capillary and was either beveled or left flat and covered
with an oxygen permeable membrane.

5.) Platinum on Glass type —described by Bicher and Kinsley (1965) consisting
of a glass pipette coated with a thin layer o f platinum, which was then covered
with resin leaving the tip exposed. The tip was finally covered by an oxygen
permeable membrane.

Silver (1973b) addresses the questionable insulating

quality o f this outer resin coating.

All of these methods use “by hand” production. Additionally, electrode types 4
and 5 use a “membrane only” construction procedure without enclosing the electrode in
a recess, which raises questions about spatial resolution and oxygen measurement
abilities (Schneiderman and Goldstick, 1978). Production methods 2 and 3 rely on the
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membrane to limit diffusion o f oxygen to the catalytic surface o f the electrode. This
use o f a membrane is in contrast to Whalen/Nair electrode production method (method
1), which relies on the electrode recess to limit diffusion.

The application of

membranes to microelectrodes has become common practice, but adds the performance
limitations o f an additional diffusion barrier, additional steps in the production process,
and possible problems with current instability caused by non-linear diffusion character
in the local substrate (Schneiderman, 1975). Membranes tend to stick poorly and get
left behind when electrodes are removed from tissue. This is very undesirable because a
post-measurement calibration cannot be made to estimate electrode poisoning.
The recessed design avoids the performance limitations of the non-recessed
designs provided that the tip recess is o f sufficient length so that the diffusion field
established by consumption o f oxygen at the catalytic surface remains predominately
(95%) within the electrode recess (Schneiderman, 1975) while maintaining satisfactory
temporal resolution (which is a design tradeoff). The modeling efforts conducted as
part of this research also bring to light other compromises inherent in the specific
electrode design (Appendix B). Additionally, a membrane may still be added to a
recessed electrode to block diffusion of unwanted material to the catalytic surface.
All o f the electrodes above were constructed using either gold or platinum as the
catalytic surface. Both noble metals have been shown to work as a catalyst and the
choice or catalyst is often one o f personal preference.

Some authors, such as

Linsenmeier, et al. (1987), have suggested that gold may be a better catalytic surface for
oxygen reduction although no direct comparisons have been made. Others, such as
Vanderkooi, et. al. (1991) have recommended platinum because o f better mechanical
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properties such as platinum’s coefficient o f thermal expansion, which better
corresponds to glass, making it easier to fuse to a glass pipette.

2.2.2 Factors of Design
Importance
There have been many microelectrode designs using similar manufacturing
technology to those used to manufacture the Whalen/Nair electrode. Silver (1973) and
Schneiderman (1975) discuss the design o f several of these electrodes and mention
many factors o f importance in electrode design including the importance of
miniaturization o f the electrode in obtaining spatially accurate readings. The desired
response characteristics discussed by Silver (1973) and Buerk (1993) are:
•

minimal (ideally no) tissue damage should be caused by the electrode;

•

the electrode should be able to resolve pO? changes over small distances
(good spatial resolution);

•

the oxygen consumption rate of the electrode should be small enough so that
it does not seriously disturb the oxygen environment it purports to measure;

•

the electrode should be designed such that the measurement is not disturbed
by fluid convection near its tip;

•

the physical presence of the electrode itself should not distort the oxygen
environment; and

•

the electrode should have a good temporal resolution for following oxygen
level transients (response time 1 second or less, Whalen, 1973).

These first three design factors are realized by constructing smaller tip sizes.
Smaller, sharper tips make less disturbance when penetrating tissues in depth.
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smaller tip also samples a smaller volume and will consume less oxygen from that
volume. The influence o f fluid convection and environment distortion around the tip of
the electrode may be improved by the proper design and use o f a recess.

A longer

recess limits influences o f convection and environment distortion (Appendix B). The
recess length also influences the electrode temporal resolution. Improving the temporal
resolution is accomplished with a shorter recess. A shorter recess will allow for a
shorter diffusion path to the catalytic surface.

The recess length of an electrode must

therefore be balanced between being short enough to maintain good temporal resolution
and being long enough to limit influence of convection and environmental distortion
without making the tip resistance too large. This aspect is modeled with respect to this
study in detail in Appendix B.
In addition to Silver’s ideal characteristics, additional design goals can be set
based on experience

with the

Whalen/Nair

type

electrodes

and

proposed

micromanufacturing benefits:
•

better control o f construction mechanics

•

maximum repeatability in construction techniques

•

simple and easily modifiable construction processes

•

production o f stronger and more durable electrodes

•

minimum poisoning (maximum long-term stability)

In general, the benefits listed above all relate to the fact that the techniques used
in this work are all available as batch processing techniques, which may be used to
produce a large number o f electrodes at the same time. Batch processing also allows
the elimination of many “by hand” steps that decrease production yield and volume.
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The electrode constructed by the method developed in this study is most
similar to the Whalen/Nair microelectrode.

The properties that have made the

Whalen/Nair electrode such a valuable research tool are its sharp, recessed tip and the
lack o f a membrane. The micromanufactured needle oxygen microelectrode will share
these qualities. It will also be shown that the micromanufacturing processes used in this
study provide great advances over the dated construction methods o f the Whalen/Nair
electrode.
The construction and utility of the Whalen/Nair electrode will be taken up in
some detail in the next section. The above design goals will be discussed as they relate
to the Whalen/Nair electrode production process and to the production processes o f
oxygen microelectrodes.

2.3 The Whalen/Nair Oxygen M icroelectrode
The Whalen/Nair oxygen microelectrode is a needle-type open-tipped electrode
with a reported sensing volume that can be less than 1pm3. Originally described by
Whalen, et al. in 1967 (Figure 2), it has rapid response time (typically 25msec) to
variations in O? partial pressure at its tip. It has the advantage of being small and sharp
so that it may be inserted into tissue with minimal damage to the tissue, and it also has
the advantage o f being relatively insensitive to stirring effects, and have low current in
zero pOiThe Whalen/Nair electrode has provided the starting point for the current
project. The electrodes produced using the process described in this work are intended
for similar application and use, which includes biological applications such as in vivo
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tissue measurements where temporal point measurements o f oxygen concentration
are required.

The Whalen/Nair electrode has proven to be an excellent source o f this

type of data.

1 — 1.5 cm
0.9 mm

2 cm

2 — 2.5 cm

J

10n

---------------

Figure 2 —The Whalen/Nair Electrode with Dimensions and Inlay of Tip
Whalen et alM1967

2.3.1 Whalen/Nair Electrode
Applications
The Whalen/Nair electrode has been used to measure oxygen O? partial pressure
in liver slices (Burerk and Saidel, 1978), in the walls o f large blood vessels (Burerk,
1980), in hemoglobin and myoglobin solutions (Buerk, et al., 1989), cat heart (Schubert,
et al., 1978), cat carotid body (Whalen, et al. 1973) and (Nair, et al., 1986), cat papillary
muscle (Whalen, 1969), cat brain (Nair, et al., 1975), cat retina (Linsenmeier, et al.,
1986) and (Padnick, et al., 1999), gerbil brain (Nair, et al., 1987), rat brain slice
(McGoron, et al., 1997), frog sartorius muscle (Gore, et al., 1968), guinea pig skeletal
muscle (Whalen, et al., 1967b), and aortic wall (Burerk, et al., 1992).
These previous applications mention the problems associated with the
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manufacture and use of the electrode including difficulty o f manufacture and
breakage in use or in handling. The electrodes used in many o f the experiments were
produced almost exclusively by Nair in a process described as “low yield” (Schubert,
personal communication) with only a few working electrodes being used from a stock
o f one hundred or more pipettes. The Whalen/Nair electrode has not realized the full
potential of the needle oxygen microelectrode as a research tool because o f its very
difficult construction process. A high-yield, reliable, inexpensive construction process
would allow for more widespread use o f this type of electrode. It is important to note
that other authors have also discussed the problem o f low yields in their construction
processes.

Ober, et al. (1996) claims less than 50% success rate in each step o f

construction for his electrode for a combined yield o f less than 10%.

2.3.2 Whalen/Nair Electrode
Characteristics
The original Whalen/Nair electrode was constructed by first filling a glass
capillary tube with Wood's metal, heating it, and drawing it to a fine point. Suitably
filled electrodes (electrodes with natural recess) were then selected and electro-plated
with gold into the natural recess that has formed during the drawing procedure. From
this process, suitable electrodes were beveled (which is done on a brass drum with a
thin coating of diamond dust) to sharpen the tip o f the electrode.

Electrodes that

survived the construction process to this point were tested (Whalen, W.J., et al., 1967).
The construction process used today remains almost the same and is tedious and
old, with a success rate that is also quite low (Schubert, personal communication). The
yield of this process, though it has never been reported, is undoubtably comparable to
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that o f Ober, et al. (1996), which was less than 10%.
Several design characteristics o f electrode materials and structure influence the
overall performance o f the Whalen/Nair electrode. The most important physical design
characteristics, however, are geometry o f the electrode tip and the recess, provided that
the electrode is well insulated.

By using a recess, Whalen was able to construct

electrodes that could maintain response times as low as 25 msec, with minimal stirring
sensitivity (Whalen, 1969).

Schneiderman and Goldstick (1978) mention the

importance o f design parameters in determining electrode performance by modeling the
recess O2 transport. They suggest a ratio o f 10:1 lengthrdiameter (L/D) to minimize the
electrode disturbance to the oxygen concentration distribution in the medium to be
measured. Their modeling suggests that an L/D ratio o f 10:1 or more will limit stir
sensitivity to less than 5%. An electrode with an L/D ratio less than this would have an
output that included effects that were the result o f the convection o f solution near the tip
in addition to the desired signal which is dependant on the partial pressure of oxygen in
the solution and are said to measure “available” oxygen. This effect is attributed to the
interference o f the electrode’s performance by stirring the solution and has been
referred to in older literature as the “stirring effect.”
Linsenmeier and Yancey (1987) made further modifications to the design to
allow the manufacture of a double-barrel electrode for simultaneous measurements o f
O2 concentration and cell potential. This electrode had two recessed barrels, each used
to make its own measurements.

One barrel could be used to measure changes in cell

potential while the other barrel made oxygen measurements.
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2.3.3 Oxygen Sensitivity Theory
The Whalen/Nair electrode's gold sensing tip lies at the base o f a recess 1050jj.m in length (Figure 1). With an applied voltage o f 0.7-0.8V negative with respect to
a Silver/Silver Chloride (Ag/AgCI) electrode, oxygen reacts at the gold surface in the
reaction as follows (Davies, 1962):
2e' + 0 2 + 2H20 - > H20 2 + 20H '

Eq. 1

H20 2 + 2e' - > 20H '

Eq. 2

In this reaction, the electron exchange at the gold catalytic surface generates a
current proportional to the oxygen flow at the surface, provided the proper voltage is
applied.

An example of how the above reactions proceed is depicted in the

current/voltage (C/V) curve in Figure 3.
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Figure 3 —Typical Current/Voltage Curve (197 Micron Diameter
Platinum Cathode, in Aerated Unbuffered 0.1M NaCI) Davies, 1962
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Davies’ descriptions of the electrochemical reactions that generate the C/V curve, and
the “plateau region,” have been accepted since 1962 and are summarized as follows.
The gold surface polarizes as a voltage is applied across it. As a voltage increases from
zero to about 0.6V, oxygen in the vicinity o f the gold surface is reduced to hydroxide
ion at a rate limited by the electro-motive force (E.M.F.) across the gold catalyst
following the reactions o f Equations 1 and 2. As voltage increases above approximately
0.6V, the current becomes independent o f the voltage and is assumed to be limited by
the flow o f oxygen to the gold surface. In this “plateau range,” the reactions that occur
across the polarized surface are almost entirely limited to the reactions involving
molecular oxygen. As long as the surface remains polarized in this range o f voltage, the
current flow is assumed to be dependent entirely on the rate at which is consumed at the
catalytic interface. In this plateau range, the current will not vary because o f a change
in voltage. If voltage across the gold surface is continually increased, the current will
eventually begin to climb out o f the “plateau range” as the E.M.F. becomes strong
enough to catalyze reactions other than those involving molecular oxygen (Davies,
1962). The plateau typically seen by Whalen, et al. (1967) is shown in Figure 4. It is
important to note that the plateau region is an individual characteristic of each electrode
system and is influenced by the constraints governing each part of the system.
Linsenmeier, et al. (1987) saw curves that were not quite as flat in the “plateau region”
as the curves reported by Whalen, et al. (1967). One of their curves o f their doublebarrel electrodes based on the Whalen/Nair electrode is shown in Figure 5. This type of
curve is more common for smaller electrodes, which do not usually have as well defined
plateaus (Davies and Brink, 1942).

Consideration must be made to insure that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

23

chemistry, geometry, and electronic character o f the system are preserved in order to
assume proper interpretation o f the “plateau region.’
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Figure 4 —Typical C/V Curve of the Whalen/Nair Electrode with a 1-2 Micron
Tip Diameter in Nonrespiring Brain Under Air Equilibrated Ringers (With
Collodion in Tip), Whalen, et al. (1967)
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Barrel, Linsenmeier, et al. (1987)
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An electrode recess was used to establish a diffusion barrier to limit access o f
oxygen to the gold surface in Whalen’s concept o f the recessed microelectrode, first
described in 1967. The recess effectively established a one-dimensional oxygen flow
field along the axis of the recess. The flux o f oxygen to the gold catalytic surface was
established by its concentration difference between the concentration in the medium
under study and the concentration at the catalytic surface. Concentration at the gold
surface was assumed to be zero by assuming that all oxygen that reaches the surface is
immediately consumed according to Equations 1 and 2. The flow of oxygen to the gold
sensor could then be shown to be proportional to the concentration at the tip o f the
recess provided there was no variation in solubility or diffusivity of the solution in the
recess and no variation at the catalytic surface.

Schneiderman (1975) modeled this

path-limiting configuration. The current produced in the electrode was shown to be
proportional to the concentration of oxygen in the medium under study. Concentration
o f oxygen is directly related to the partial pressure o f oxygen in the medium under study
as limited by the diffusivity o f the solution (Appendix B).
Single or multi-barreled Whalen/Nair electrodes have been constructed with
multiple sensing tips or an internal reference (Linsenmeier, R., et al., 1987). The
construction o f a multi-barreled electrode was even more meticulous than the single
barrel construction process; however, the multi-barreled electrode had the advantage of
being able to make multiple measurements (oxygen current and cell potential, oxygen
current and pH) in roughly the same size sample volume as the single-barreled
electrode.
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2.3.4 Construction of the
Whalen/Nair Electrode
The present method for construction roughly follows the methods described by
Nair et al. in 1985, but with some variations in the process that currently remain
unpublished, but are recommendations through personal communication with Dr. Nair
(see Bauer, 1995 for details). This process begins by pulling a 10cm glass capillary
tube (Coming 7740 glass) in a computer-controlled horizontal puller (Camden
Computer Controlled Electrode Puller - Model 763) to a fine point o f about 1pm in
diameter and a length of about 1cm from the beginning of the taper to the tip. The
hollow pipette is then filled with a molten conductor (Wood’s metal or LMA-l 17) to a
point 10- 100pm from the tip. This step is very hard to control and is the first limiting
step of the process. Only a few electrodes will be selected from this step to continue on
to the next step. A selected electrode is then beveled on a rotating plate, and an
electrical connector is applied to the untapered end of the electrode. This step is the
simplest step in the procedure and delivers the most electrodes to the following step.
Electrodes eliminated at this step are usually those which have been broken during
handling. In the next step, the metallic conductor is electro-plated with a layer o f gold
up to the desired recess length from solution. Desired recess length is usually ten times
the diameter of the recess. This step must be done under a microscope and is very hard
to control. Electrodes are often over-plated or incompletely plated. Electrodes that are
plated to the proper recess length without partial plating or over-plating are considered
successfully plated. Successfully plated electrodes can be cleaned and tested. Each step
in this construction method processes electrodes one at a time, “by hand.”

Only

electrodes that have survived all o f the previous steps can move on to the next step. It is
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therefore easy to understand why this construction method, as well as the other
various construction methods for this type o f electrode, is characterized as “low yield.”
This type of “low yield” construction process inevitably passes the expense of
production on to the end user. Electrodes o f comparable design to the Whalen/Nair
electrode described above, but with a 3 micron tip diameter, are currently available
commercially for as much as $170 each (Diamond General Development Corp., Ann
Arbor, MI).

2.4 Micromanufacturinq P ro cesses
AJ1 needle oxygen microelectrodes that are being currently produced use
production techniques that were developed in the 1960’s.

The advent of

micromanufacturing has allowed for a level o f miniaturization technology greater than
has ever been available.

Over the past several years, many useful applications of

current micromanufacturing technologies have been described (Reynolds and
Yacynych, 1991) (Bryzek, et. al., 1994). Micromanufacturing technology is currently
being applied to other types of amperometric oxygen electrodes as discussed in Section
2.1. This technology is also being used to miniaturize other types of electrodes, in
general.

Karagouins, et al. (1986) used photolithographic reduction and thick-film

processes to produce a miniaturized voltametric oxygen sensor. Patzer, et al. (1995)
and Nagy, et al. (1998) have used photolithographic techniques to construct microchip
glucose sensors.

Sreemvas, et al. (1996) patterned sputtered-carbon microelectrode

arrays to detect neurotransmitters. Microdisk (Thormann, et al., 1985) and microband
(Porat, et al., 1997) electrode arrays have been produced using photolithographic
techniques since the 1980’s. Shi, et al. (1998) have used sputtering to produce needle-
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like detectors for scanning electrochemical microscopy and photoelectrochemical
microscopy. None can be inserted into tissue.
This advance in the ability to “miniaturize” is inherently applicable to the field
o f needle oxygen microelectrodes. The use o f this technology in the production of
needle oxygen microelectrodes is at its advent. The techniques of micromanufacturing
can be used to replace the old “by hand” techniques to make construction of needle
oxygen microelectrodes simpler and more productive.

2.4.1 Micromanufactured
Oxvaen Microelectrode
Design
The micromanufactured oxygen microelectrode is based on a 5-step process that
takes advantage o f thin-film techniques and batch processes. The details o f the process
will be described in the following chapter, but the basic design steps will be described
here. First, a batch of glass rods are cleaned and pulled to a tip size of less than one
micron. Second, the pulled glass rods are coated with a catalytic metal followed by an
insulation layer by vacuum sputter deposition. Third, the coated rods are dip coated
with a spin-on-glass coating. Fourth, the tips are cut by focused ion beam (FIB) milling
to expose the catalytic metal for reduction o f oxygen. Fifth, a recess is generated at the
tip o f the electrodes to complete the process. A schematic cross section o f the electrode
tip is shown in Figure 6.
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Glass C ore (step I )

Catalytic Metal (step 2 )n ^
Insulator (step 2)
Spin-on-glass (step 3)

10 microns
Tip cut (step 4)
Recess generation (step 5)
Figure 6 - Cross-section of the Micromanufactured Oxygen
Microelectrode Tip

2.4.2 Benefits of Thin-Film
Processing
The application of the thin-film processes in general can lend itself to the batch
production of microstructures with dimensions that can be controlled in the range o f
microns. The ability to produce needle oxygen microelectrodes in a batch process or
continuous print mode would eliminate the hours o f tedious “by hand” manipulation
with which all current scientists manufacturing these electrodes are familiar.
The benefit o f speed and higher yield does not come without cost, however. To
use the processes described

in this study to mass-produce needle oxygen

microelectrodes, a researcher must have access to the proper thin-film equipment.
Fortunately, this type of equipment is becoming more readily available as more and
more institutions become involved in micromanufacturing. Most o f the processes used
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in the production o f the needle oxygen microelectrode devised in this work, as will be
discussed in detail in Chapter 3, are basic processes used throughout the integrated
circuit production industry.
Micromanufacturing, though it requires more specialized equipment, is still an
excellent candidate for application to the production o f microelectrodes where control
o f tip dimensions is of major importance to the electrode’s performance, and batch
production is highly desirable.

The level o f structural control allowed by thin-film

techniques and focused ion beam machining for the production o f very small structures
is a natural fit for microelectrodes.

2.4.3 P ro cess Control
and Application
The process o f manufacturing used by Whalen and others for the past thirty
years has been developed to its fullest extent. The current process is still low yield,
painstaking, and laborious.

Hand-made microelectrodes o f this type are also very

fragile and have always been associated with high breakage (Whalen, et al., 1967), due
in part to the large amounts o f “by hand” production time associated with their
manufacture.
A micromanufacturing approach can be used to control the characteristics and
dimensions of all the electrode's constituent parts (recess size, shape of recess, gold or
platinum contact surface dimension, and overall tip dimensions).

Vacuum sputter

deposition will allow the deposition o f cathode metals in thicknesses controllable in the
submicron range and with line widths controllable optically down to 1 micron (Madou,
1997). Sputter deposition of insulation material may be controlled by the same method
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o f vacuum sputter deposition used to deposit the cathode metal.

Additionally,

insulation may be laid down by thick-film dip coating procedures in the case of spin-onglasses in layers less than 1 micron thick. The shaping of the tip itself, which is done by
mechanical beveling in the case o f the Whalen/Nair electrode, can also be better
controlled with tip shaping by FIB. All these micromanufacturing processes are much
more controllable and repeatable than the “by hand” production methods that are in
current use. “By hand” processes also suffer the fault that each electrode must be
processed individually whereas with the thin-film techniques used here, many
electrodes may be constructed simultaneously. Micromanufacturing can be used to
make greater numbers of electrodes simultaneously with smaller, more accurate,
features (such as recesses) than with current production methods.
The overall strength of the electrode may also be improved by better control of
the dimensions and design although it is not a design goal of this project. With the
shape of the tip and shank o f the electrode controlled at the sub-micron range by
vacuum sputter deposition and thin film coating, its dimensions can be designed for
maximum strength while maintaining the taper necessary for insertion into tissue. The
sharp tip and long recess described by Whalen and others as necessary for optimum
electrode performance can still reside on a thicker neck that will not be as susceptible to
breakage as similar electrodes manufactured using the techniques o f Whalen, et al.,
(1967). Depending on the specific design o f the electrode and the manufacturing plan,
the strength of a micromanufactured microelectrode can be greatly improved.
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Mathematical modeling o f the electrode system o f study has been necessaiy to
guide the design of the electrode. Modeling has allowed limiting of the scope o f the
design by suggesting theoretical design limits. The limits suggested by the model have
been applied in the manufacturing design.
In view of the fact that few models have previously been used in the area of
microelectrodes, the hybrid electrical/mass transport model was developed for this work
(McGuyer, et al., 1997). It combined a basic mass transport model with the electrical
system model to help visualize the electrode’s response characteristics and limitations
and is discussed in detail in Appendix B; however, the basics will be presented in the
following sections. The major benefits of this model were that they demonstrated the
value o f a small tip and a recess to limit the electrode stir sensitivity and distortion to
the oxygen environment near the tip. Additional benefits were that the model allowed
for the effects o f a variety of tip geometries to be simulated and that it allowed for
assessment o f the effects o f these geometries on the tip resistance of the electrode.

2.5.1 P ast Modeling Efforts
Different authors have developed different kinds o f models to predict everything
from oxygen distribution fields in the area o f the reactive surface (Schneiderman, 1973)
to electrical impedance of individual parts o f a recessed microelectrode (Schanne, et al.,
1968). It is important to note that the vast majority o f modeling in this area is not
limited to the modeling o f the oxygen electrode. Modeling also applies to a variety of
electrodes used to measure other variables including membrane potential, pH, and many
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other ions (Cobbold, 1974). Eisenman (1967) and Lavallee (1969) have devoted
texts to the subject of glass electrodes.

Much o f the general theory o f electrode

modeling can be applied to the modeling of the oxygen microelectrode specifically, as
shown below.
The modeling of recessed oxygen microelectrodes has many aspects that have
already been specifically considered. Schneiderman (1975) models the mass transport
properties of recessed microelectrodes as well as unrecessed membrane-covered
electrodes. His 2-dimensional model for the recessed oxygen microelectrode describes
the interaction o f the electrode with the surrounding solution and demonstrates the
importance o f tip recess dimensions.

He reports that his modeling efforts describe

performance parameters of the electrode that are in “good agreement" with
experimental values o f Whalen (1967).

He also discusses the importance of

miniaturization for accuracy of measurement and the importance of length to diameter
ratio for sensitivity.

His method o f modeling using Mushrooming Maxwellian

Coordinates provides for a somewhat complicated model though the coordinate system
does a good job o f describing the flow fields in the recess and the area around the tip of
the recessed oxygen microelectrode.
Modeling o f the electrical characteristics of the oxygen microelectrode
measurement system is somewhat limited. Fatt (1976) gathers some electrical models
together in his treatment of polarographic oxygen sensors, and Webster (1978) gives
some general microelectrode modeling examples. For the most part, however, electrical
modeling of complete oxygen microelectrode systems has remained undescribed. The
only description of a complete system of measurement has been limited to the
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descriptive reports of data acquisition systems used by individual experimenters to
take their measurements. The work of Schanne (1968), Cobbold (1974), Eisenman
(1967), and Lavallee (1969) are not specific to the area of oxygen microelectrodes, but
may be o f benefit in describing potential drops associated with the recess tip o f the
electrode. These authors address properties inherent to the use of glass in electrode
manufacture. Major changes in resistance are highly dependant on the concentration
difference o f ions on the outer and inner surface o f a glass in an enclosed glass electrode
and are greater than the expected effect o f the liquid junction potential. Schanne, et al.
(1968) found a 10 mV potential across the tip o f a microelectrode where the junction
potential only attributed 0.6mV. This additional potential, which has been called tip
potential, is minimized in an open recessed electrode where the concentrations of ions
on the outside and inside of the recess are equal. It’s effects are larger is tip size gets
smaller.

These properties have not been considered in treatments of oxygen

microelectrodes by any authors working with oxygen microelectrodes.

Effects that

change the resistance of the electrode recess to ion flow can affect the character o f the
entire electrode system and the response o f an oxygen microelectrode.

2.5.2 Applied Mathematical
Modeling
The modeling done by Schneiderman (1975) provides a starting point for
designing a micromanufactured, recessed oxygen microelectrode. A complete model of
the microelectrode sensing system is needed, however, to describe limitations of
measurement implied by the components o f the system. The electrical/mass transport
model was developed in this study as a preliminary consideration o f this project
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(Appendix B), and it was noted that there were several important points in the model
where voltage drops occurred. These voltage drops may have been either so small as to
be insignificant, or large, depending on the design of the system. A significant voltage
drop is defined as one that could affect the “plateau region” designated by a given
electrode calibration. The electrical/mass transport model that has been developed in
this work demonstrates that the geometry o f the tip and the recess length are o f major
significance.

The findings indicate that tip dimension is of major importance in

defining the electrode’s diffusion limitation, agreeing with the findings of
Schneiderman (1975).

Additionally, the modeling and research indicate that many

different factors (tip diameter, recess length, composition of the glass, and the
concentration and pH o f solutions inside and outside the tip o f the electrode, Schanne,
O. F., et al., 1968) are o f importance in defining the ionic and O2 transport in the
electrode recess. All o f the above factors also play an important role in defining the
electrical response of a given microelectrode system through their influence on tip
characteristics.
The benefit of the model has been that it has guided the design o f the
micromanufactured oxygen microelectrode to give maximum current relevant to
dissolved oxygen concentration while minimizing the detrimental effects o f phenomena
such as tip potential and consumption from the tissue. For this reason, tip diameters
were kept above 1 micron. Alternate materials in the recess were not considered in this
study. The model indicates sensitivity to the length of material in the recess.
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2.S.3 Applied Modeling
D iscussion
The mass transport part o f the model in this work allows for interaction o f
oxygen mass transport with the electrical system. Current flow in the electrical system
is based on the oxygen flow in the mass transport part o f the model. The flow o f current
is proportional to the oxygen flow to the noble metal catalytic surface, assuming that the
electrode operates in the “plateau region” as discussed previously. In this way, the
oxygen flow in the electrode controls the current flow in the electrical system. The
electrical representation o f the micromanufactured oxygen microelectrode measurement
system is shown in Figure 7.
The data in Table 1 show the basic relationship o f the recess length and radius to
the resistances o f various components in the electrode sampling system assuming 0.1M
NaCl is the substrate solution and the solution in the recess. The resistances vary as the
radius (or diameter) and recess length of the electrode tip are varied. The resistances
affect the potential at the electrode surface by summing along with the other voltages in
the system around the loop created by the circuit components. These voltages around
the loop will act to limit current to the electrode surface and the current recorded by the
ammeter as shown by the current values at the bottom o f the table.
The most significant current-limiting resistance in this simulation is the tip
resistance, which is in the megohm range. Another factor that could significantly affect
the current in the system is the tip potential. The tip potential phenomenon, as has been
described by several authors studying membrane potential, is a potential that develops
across tips o f veiy small diameter (less than 1 micron) membrane potential sensing
electrodes (Lavallee, 1969, Schanne, 1968). The potential has been described by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

36
D
O X tU ll

v o lt
gold

ref

—-- ' ■--

IX C *

v 'r ~r

1 *■V

re:

Figure 7 - Electrical Model Circuit
Table 1 - Sample Resistances in Model Circuit
Element

Sym.

Equation

Excitation Voltage
Lead Resistance

Via
Rfead

Reference Electrode
Resistance
Reference Electrode
Potential
Solution Resistance

Rrcf

Given
16ga copper wire /ft at
20C
25mm^2 electrode plated
at 350mA/s
Given half-cell

v rc,

Value
R =lu,
L=25u
.7
.00416

Value
r=.lu,
L=25u
.7
.00416

Value
r= lu,
L=50u
.7
.00416

300

300

300

.233

.233

.233

64460

646600

128900

6470000

647000000

12940000

_ F p - F n. R-T . a i
E « —-------------- In: —
F p " F n H-F
a ii

ai/aii@l
<1

ai/aii@ 1

ai/aii@l

<1

<1

no impact

no impact

Required

possible
impact
required

@28.4
picoamps
150000

@0.29
picoamps
150000

@14.3
picoamps
150000

Rso.

___ L ;
4-it ;R ]

Tip Resistance

Rtip

Tip Junction Potential

V
vjunc

R2

£ir
A

Tip Potential

Vup

Surface Voltage

Vgold

Dependant on tip size and
charging
Vin V pefV ^-V ^pV ^

Surface Current

Igdd

Flux Area

Ammeter Resistance

Rflmm

Given (gain 10A11)
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Lavallee (1963) and others as developing from ions in solution reacting with charged
species in the glass to form charged layers that may affect the movement of charged
particles through small glass channels. Tip potential becomes especially problematic
when ion concentrations vary from the inside to the outside o f the electrode. The
limiting or enhancement of charged species through the tips o f oxygen microelectrodes
by such a phenomenon could be o f major influence to the design o f future electrodes as
tip sizes are reduced below the one micron range. Control of such a phenomenon would
have many implications on electrode design and could possibly serve as a conduit to
control electrode poisoning. The experimental design in this work limits the influence
o f tip potential. All electrodes in this study have tip sizes above one micron and are
open ended. The tip potential has been shown to have no affect on electrodes that large.
For further discussion o f the model and its detail, the reader is referred to Appendix B
and Lavallee (1963).

As the limits of miniaturization o f the electrode using

micromanufacturing are pushed, the hybrid electrical/mass transport model can include
the effects o f tip potential to guide further design of the micromanufactured oxygen
microelectrode.
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CHAPTER 3
MICROELECTRODE DESIGN AND CONSTRUCTION
3.1 Electrode Design C onsiderations
In

Chapter

2.2.2,

factors

of design

importance

for

needle

oxygen

microelectrodes were discussed. Silver (1973) and Buerk (1993) agreed that a smaller
tip size makes a better electrode, and a properly designed recess limits stir sensitivity
while allowing for minimum response time.

These opinions agreed with the

mathematical modeling done as a prelude to this study (McGuyer, 1997). For this
reason, much consideration was given to the design of the tip o f the micromanufactured
needle oxygen microelectrode.

3.1.1 Overall Tip Size
C onsiderations
Using classical production methods, many researchers have realized tip sizes
less than 10 microns in diameter (Linsenmeier, et al., 1987), (Buerk, et al., 1992),
(Ober, et al., 1996), and (Padnick, et al., 1999), and some authors have claimed to have
tip diameters of 1 micron or less (Whalen, et al., 1973), (Baumgartl, et al., 1983).
Tip sizes o f 10 microns or less have allowed all o f the above researchers to
acquire reliable point oxygen data with minimal damage to their substrates. All o f the
classical electrode construction techniques use some sort o f “by hand” mechanical
38
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beveling to sharpen the electrode tip.

Beveling minimizes damage to the

measurement substrate from electrode insertion.

In the micromanufactured oxygen

microelectrode, sharpening o f the tip is done by cutting the tip at an angle with a
focused ion beam (FIB) instead o f using “by hand” mechanical beveling. This process
has the advantage o f being able to create very sharp edges on a variety o f micro devices.
Vasile, et al. (1999) have demonstrated a micromilling tool with a cutting edge with
radius of curvature o f less than 0.2 microns using the technique o f FIB milling. The use
o f FIB milling has the potential to make micromanufactured needle oxygen
microelectrodes that have a minimal disturbance to the substrate upon insertion. Tips
were cut perpendicular to the tip in this study.
Lavalee (1963) suggested that as the tip diameters o f glass electrodes are
reduced to less than one micron, tip potential effects may affect their measurements.
For these reasons, the tip size goal for this preliminary work in the construction o f a
micromanufactured needle oxygen microelectrode was set to a diameter of 5-10
microns. This constraint allowed for sensing area variation from 1 to 10 microns2 while
insuring that the tip was o f the same resolution as currently produced needle oxygen
microelectrodes, and that measurements were not contaminated by tip potential.
Consideration of tip potential is important as the size of the electrode tip is
reduced in future work.

The tip potential phenomena is not only affected by the

diameter o f the electrode, but also the surface charge of the glass from which the
electrode is made, and the composition, the concentration and the pH of the solution in
which the electrode is being used. Pyrex 7740 and the other borosilicate glasses have a
relatively low concentration o f surface charges, which is one reason why this glass is
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used in the production o f glass microelectrodes such as the Whalen/Nair electrode.
The Si02 and SOG coating used on the electrode in this study also have a low
concentration o f surface ions, which will be o f benefit in reducing tip potential as the
diameter o f the electrode tip is reduced in future work. The effect o f tip potential,
however, could be o f some benefit in future work because o f the rectifying properties
that it could give to an electrode under the proper conditions (Lavalee, 1963) if charge
density on the inner surface o f the electrode tip is different from the charge density on
the outer surface.
It is important to note that most of the work on tip potential has been done by
researchers using electrodes with different applications than the Whalen/Nair type
oxygen microelectrodes. A study o f tip potential as it applies to the Whalen/Nair type
electrode has not been performed. This presents another opportunity afforded by the
use o f thin-film processes on the electrode in this study. Thin-film processing should
allow for easy testing of a variety o f accurately-constructed recess diameters when tests
o f tip potential are done with this electrode as the size o f the tip diameter is reduced.

3.1.2 R ecess Dimension
C onsiderations
Schneiderman indicated a recessidiameter ratio o f 10:1 would lower stir
sensitivity to less than 5% in the W/N electrode. This recommendation has been an
accepted standard for W/N electrodes constructed since then (Padnick, et al., 1999)
based on the improved manufacturing process o f Linsenmeier, et al., (1987).
Schneiderman’s recommendation was based on a model o f diffusion of oxygen down
the recess from the surrounding tissue to the catalytic surface at the base o f the
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cylindrical recess channel.

The length o f the recess alone was used to limit stir

sensitivity.
The micromanufactured needle oxygen microelectrode has an area o f catalytic
surface roughly 56% that o f a W/N electrode with comparable tip diameter as shown in
Figure 8. If the W/N electrode in Figure 6A has a catalytic surface radius o f 1.5
microns, its catalytic surface area could be calculated to be 7 microns2. The catalytic
surface area of a comparable Series PT9 electrode (such electrode PT9.14), which also
has an outer platinum radius o f 1.5 microns (Table 2, diameter/2), can be calculated by
subtracting out the area of the glass inner core by the equation
2

2

n * ru -7 r * r i

—*

Eq. o

where r0 is the outer radius of the platinum ring and q is the radius of the inner core.
The inner core radius in electrode PT9.14 was 1.0 microns, making the area of the inner
core 3.1 microns2. Subtracting the area of the inner core from the total area at the base
o f the recess gives the catalytic surface area of electrode PT9.14, which is 3.9 microns2.
The catalytic surface area o f electrode PT9.14 (3.9 microns2) can then be calculated to
have 56% of the catalytic surface area o f a comparable W/N electrode (7 microns2). In
consideration of Figure 8, the black catalytic surface area o f electrode B is roughly 56%
of the surface area in electrode A if these electrodes are the same recess diameter as
electrode PT9.14. This difference is because the inner core o f glass upon which the
electrode is built occupies the central area of the catalytic surface. In considering one
dimensional diffusion only in the recess with no accumulation or production o f oxygen,
the steady state mass balance equation in Equation 4 may be applied to the cylindrical
shell.
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Figure 8 - W/N Electrode Model Diagram vs. McGuyer
Electrode Model Diagram
The simplified form of the Reynolds Transport Theorem (White, 1986) suggests that all
flow (in this case oxygen) into the recess plus all flow out o f the recess must equal zero.
Here the areas Am and Aout are the openings at the tip o f the electrode recess and the
area just above the catalytic surface. From this equation, it is easy to see that if the
catalytic surface o f area Aout is reduced by 56% and both density (p) and Ain remain the
same, then the velocity term (Vin) must change to maintain the equality. Lower velocity
o f oxygen coming into the electrode would mean less consumption o f oxygen from the
tissue. In a micromanufactured oxygen electrode o f comparable tip size, the current
generated at the tip and the consumption o f oxygen in the tissue should therefore, in
theory, be lower than for W/N microelectrode, with all other characteristics the same.
Unfortunately, there are no data available for W/N electrodes to make this comparison.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43

3.1.3 Electrode Design
The micromanufactured recessed oxygen microelectrode electrode design may
be broken down into 5 components.

Details o f microelectrode construction are

described below in Section 3.2, but the purpose o f each part is described here. The
components are shown below in Figure 9 with the dimensions of the tip as they would
be in the average Series PT10 electrode (see Table 3). The parts of the tip consist o f the
substrate core, three layers, and the recess.

recess length 3.4 microns
glass core.
catalytic metal
layer
silicon dioxide
layer
core diameter 0.8 microns
recess diameter 1.8 microns
outer diameter 7.2 microns
Figure 9 - Micromanufactured Oxygen M icroelectrode Tip Detail
The substrate glass layer provides a form on which to build the electrode.

In the

average Series PT10 electrode, it would be 0.8 microns in diameter at the tip where it
ends at the base o f the recess of the electrode. The platinum layer, which is the first
sputtered layer over the glass core, is the catalytic layer for the reduction of oxygen as
described in Section 2.3.3 that also provides the electrical connection pathway from the
catalytic surface to the electrode measurement system.

In the average Series PT10

electrode, it would have a diameter of 1.8 microns at the tip and would end at the base
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o f the recess o f the electrode. The SiO? is the next layer applied over the platinum
layer. This sputtered layer serves to insulate the conductive platinum layer from the
measurement substrate along the length o f the electrode and form the walls of the recess
at the tip. In the average Series PT10 electrode described in Figure 9, the layer outside
diameter would be 7.2 microns at the tip.

The SOG layer seals the SiOz layer

completely from outside substrate penetration to insure that the substrate being
measured by the electrode only comes in contact with the catalytic surface at the tip.
This layer has a negligible thickness (typically, 0.4 microns) in comparison to the
thickness o f the SiCh layer. The recess forms a pathway for the catalytic surface of the
platinum layer to access the substrate being measured by the electrode. In the average
Series PT10 electrode, it has a length of 3.4 microns.

3.2 Construction of the M icromanufactured
Oxvaen Microelectrode
A 5-step process has been developed to construct a micromanufactured oxygen
microelectrode. The process itself will be discussed in more detail here. The process
takes advantage o f batch production techniques which allow for production o f several
electrodes at once.

3.2.1 S ubstrate Preparation
Glass rods (Pyrex 7740) 10 centimeters in length and 2 millimeters in diameter
are cleaned with isopropyl alcohol to remove contaminants from the surface o f the
glass. The rods are allowed to dry completely in air. The rods are then placed in a
horizontal microelectrode puller (Campden Instruments Computer Controlled Electrode
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Puller - Model 763) and pulled to a fine point with a tip size o f less than 1 micron.
The computer-controlled puller may be programmed to make tips with a variety of
tapers and shank lengths. This process is similar to the first step in the construction of
the W/N electrode.

Electrodes in this work are prepared with a shank length of

approximately 1 cm and a neck and shoulder region length of approximately 0.5 cm.

R esults. Throughput of this process is 100%.

D iscussion. Electrode pulling has been very consistent due to the use o f the
computer-controlled puller. It produces almost identical pull length and taper on a
regular basis. This product is the purpose o f designing a computer-controlled puller.
Substrate cleaning was also important to the follow-on steps in the process.

Dirty

electrodes showed some lack of adhesion of the catalytic metal in follow-on steps in the
early stages of the project.

Adhesion problems attributed to this cause have been

eliminated through thorough cleaning and minimized manipulation. This process of
substrate preparation is necessary to provide a suitable substrate on which to build a
thin-film oxygen microelectrode.

3.2.2 Catalytic and Insulation
Laver Sputtering
The batch o f pulled glass rods (usually 12-15 rods) is sputtered with a layer of
platinum and then with a layer of SiC>2 (Unifilm Technology Sputtering System Model PVD300). Platinum is deposited via DC sputtering while SiCb is applied via RF
sputtering, both at an initial pressure of 5 * 10'7 torr. During platinum sputtering, the
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electrodes are rotated in 120° increments 3 times during the process to insure even
coating o f platinum. Rods are sputtered for 26 minutes per rotation at 0.057 amps and
174 volts to deposit a total coating o f 0.5 microns o f platinum. During S i02 sputtering,
the electrodes are rotated in 120° increments 6 times during the process to insure even
coating o f silicon dioxide.

Rods are RF sputtered (13.64Mhz) for 73 minutes per

rotation at 531 watts and 373 volts to deposit a coating o f 2 microns o f S i02. The
sputtering time combined for both catalytic metal and S i0 2 was approximately 9 hours.
The addition o f pump down time between sputtering time added an additional 3.5 hours,
bringing the total sputter processing time to 12.5 hours. SEM photographs are used to
verify the area o f the platinum catalytic surface at the tip o f the electrodes.

SEM

measurements o f the platinum catalytic surface area have been made by comparing the
micron bar on the photograph with the diameter across the platinum ring and
subtracting out the area calculated by measuring the diameter of the central core. This
type o f measurement was limited by the accuracy (± 0.5 mm) o f the measurement taken
from the rule used to measure the micron bar on the photograph.

R esu lts. Data for dimensions of Series PT9 and Series PT10 electrodes are
given in Tables 2 and 3. The tables show the outside diameters of the core and the two
sputtered layers, and the calculated radiuses of these layers based on these diameters.
Platinum surface areas for the tips o f the electrodes are calculated from these data.
An example SEM photo from which calculations were derived is shown in
Figure 10. The calculated surface area o f the catalytic platinum surface from this photo
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was 2.8 microns", making it an electrode with slightly below average surface area for
the series. The results o f improper rotation o f an electrode can be seen in Figure 11.

Table 2 - Dimensions of Series PT9 Electrodes (microns)
PT9

D iam eters

E lectro d e

C ore

Platinum

1

1.3
1.5
1.3
1.3
1.9
2.6

2.4

2
3
4
5
6
7
8
11
13
14

1.3
1.4
1.7
1.7

2.6
2.3
2.3
2.9
3.6
2.3
2.4
2.7
2.7

S i0 2
7.3
7.3
7.1
6.9
7.4
8.0
6.6
6.8
7.1
7.1

2.0

3.1

7.6

C oatin g th ic k n e s s
C ore rad iu s
Platinum
0.7
0.6
0.8
0.6
0.6
0.5
0.6
0.5
1.0
0.5
1.3
0.5
0.6
0.5
0.7
0.5
0.8
0.5
0.8
0.5
1.0
0.5

S i0 2
2.4
2.3
2.4
2.3
2.2
2.2
2.2
2.2
2.2
2.2
2.3

Table 3 - Dimensions of Series PT10 Electrodes (microns)
PT 10

D iam eters

C oatin g th ic k n e s s

E lectro d e
3
7

C ore
0.9
0.9

Platinum
2.0
1.9

SiOz

8
9
11

0.8
0.5
0.7

12

1.3

7.1
6.6

C ore rad ius
0.5
0.4

Platinum
0.5
0.5

S i0 2
2.6
2.4

2.0
1.4
1.5

7.1
7.1
7.2

0.4
0.3
0.4

0.6
0.5
0.4

2.5
2.9
2.8

2.0

7.8

0.6

0.3

2.5

The batch size of 16 electrodes and a total sputtering time o f 12.5 hours equated
to a little less than one hour per electrode for this processing step. Throughput for this
step in the process was 79% for Series PT9 and 100% for Series PT10.
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Figure 10 - SEM Image for Surface Area Calculation (PT9.4)

Figure 11 - Unevenly Sputtered Pt Layer (PT7.10)

D iscussion. The sputter coating processes has been developed through work
with 11 series o f platinum electrodes and 5 series o f gold electrodes. Maintaining an
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evenly centered platinum catalytic ring as shown in Figure 8 was accomplished
through the development o f the process o f rotating the electrodes at intervals during the
sputtering process.

The angle o f rotation was important to the construction of

symmetric electrodes. The off center and oddly shaped platinum surface seen in the
electrode in Figure 11 still responded to oxygen but caused problems in recess
development and may also contribute to bending o f the shank. Bending of the electrode
shank was visible on electrodes that were not evenly coated and served as an indicator
o f uneven coating that could be detected before the electrodes were cut and measured.
Uneven coating has been minimized through strict attention to the proper rotation of
electrodes during the sputtering process described above. Although this process did not
make layers with uniformity controlled as well as in standard thin-film processes on
planar

substrates,

the

uniformity

was

satisfactory

for

construction

o f the

microelectrodes in this study. The extra handling required to get even coatings effected
the yield of Series PT9 in this process. Three electrodes were broken in Series PT9
while pulling them in and out o f the sputtering system to rotate the electrodes, reducing
the yield of this step to 79% for Series PT9. Care in handling Series PT10 allowed for
100% yield in this step. These handling problems demonstrate the need for further
development o f the sputtering process itself to minimize handling o f the electrodes.
The sputtering process in this application limits throughput by extending process
time.

The rotation o f the rods and multiple runs significantly increases process time.

The estimated total sputter processing time of 12.5 hours could be reduced to
approximately 35 minutes with a radially symmetric auto-rotating planetary apparatus.
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Additionally, batch size could be increased to 40 or more electrodes per run using
such an apparatus. These details will be discussed in Chapter 6.
With average thickness o f sputtered platinum coatings being equal between
Series PT9 and Series PT10, the major variation in size o f the catalytic surface areas
between the two series is attributed to the variation between core diameters between the
series. Core radius in Series PT9 was larger than that o f Series PT10. The overall
uniformity o f the sputtered areas is excellent with the sputter deposition system used in
this study. The RF sputtering process on this machine used to deposit the SiO: films
deposited more than the desired thickness o f 2 microns though the films were deposited
evenly.
Electrodes can be produced with even coatings o f sputtered metal and insulator
with the process developed in this work. Sputter coatings can be produced accurately
and repeatably using the current procedure.

3.2.3 Spin-on G lass Coating
Spin-on glass (GR650UP, Owens-Illinois) is applied to the electrode covering
from the tip to just beyond the shoulder. The spin-on glass (SOG) used in this work is
an

organosilicon

polymer

prepared

by

hydrolysis

and

polymerization

of

methyltriethoxysilane. SOG films are widely used in the integrated circuit industry as a
dielectric (Liu, et. al., 1999). SOG is applied in this work by the process o f dip coating.
SOG coated electrodes are cured in ambient air in a furnace. Curing is used in this
work primarily to remove the solvent from the polymer.
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The single-coat cure cycle is as follows: Temperature is ramped up from room
temperature to 200°C at a rate o f l°C/minute. The temperature is held at 200°C for 2
hours to allow the SOG to cure. Temperature is then returned to room temperature at a
rate o f 0.25°C/minute to prevent cracking of the SOG. The process o f curing the SOG
takes approximately 16 hours for a single coat.

R esults. No cracking was evident on Series PT9 or Series PT10 electrodes
after curing. Throughput for this step in the process was 100% for both Series PT9 and
Series PT10. Thickness of the SOG coat has not been measurable through SEM (as in
the platinum and Si0 2 layers).

D iscussion. SOG coating has become the step used to seal the outer sputtered
SiOa coating on the electrode. The utility o f SOG for this purpose was developed
through testing of the various insulation layers, as will be discussed in Section 4.1.3.
One layer o f SOG has been found to be sufficient to seal the SiCb coating. This quality
is evident by the elimination of depth sensitivity in electrodes coated with SOG and by
the complete elimination of test current as will be discussed in Section 4.1.3. SEM
visualization o f the layer is not possible and was not expected due to the similarity
between the natures o f Si02 and SOG layers.
SOG curing time limits the number o f electrodes produced per unit time in this
process to 1 electrode per hour with a series o f 16 electrodes. The time per electrode
using this process could only be reduced by increasing batch size. Changing of the
curing process could also reduce time per electrode. The curing process here has been
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the only one used due to its reliability, and variations in time, temperature, or ramp
rate have not been fully explored.
It is important to note that cracking can occur in the SOG surface if the proper
curing procedure is not followed.

Though curing without cracking has been

accomplished in both Series PT9 and Series PT10, cracking has occurred in other test
series and is worthy of mention here.
Cracking has been evident on electrodes where the curing period has been
interrupted by power outages to the furnace. Cracking, in this case, was limited to the
neck and shoulder area of the electrode upon removal from the furnace, as shown in
Figure 12. Cracking has been observed to spread to the area of the base over time.

Figure 12 - Cracking of the SOG Coating Due To Power Interruption
During the Cure Process
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3.2.4 F ocused Ion Beam Milling
The electrodes are cut across the tip with a focused ion beam (FIB) in this stage
to expose a platinum ring at the tip, as shown in Figure 8. Electrodes are cut to leave a
tip diameter o f no more than 10 microns. Using an FIB, the tip can easily be cut at an
angle to facilitate insertion into a substrate without damaging the substrate. Electrodes
in this work are cut at a point 5-20 microns from the tip. Each electrode can be cut in
less than 5 minutes. The electrodes are cut by aligning each electrode with an outlined
box pattern across which the focused ion beam is scanned to make the cut. Dimensions
o f the electrode tip are verified by electron microscopy after cutting.

Electrode

response could be tested at any point after this step in the process.

R esults. A micrograph of an electrode cutting pattern can be seen in Figure 13.

I
Figure 13 - Electrode Marked for Milling by FIB
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The average FIB milling time per electrode for Series PT9 and Series PT10
was 7.45 minutes and 4.36 minutes, respectively. The total milling time in the FIB for
Series PT9 and Series PT10 was 81.95 minutes and 52.32 minutes, respectively.
Throughput o f this step o f the process was 100% for both Series PT9 and PT10.

D iscussion. Electrodes were cut over a range of distances from 5-20 microns
from the tip as described above. This variation is the main reason for the distribution of
the surface area o f the platinum surface, because each electrode was not cut at the same
diameter. Cutting at the exact same diameter of the central core for every electrode was
difficult because core diameter was difficult to estimate from the viewing angle. The
average cutting time was longer in Series PT9 because several electrodes were
incompletely cut the first time and had to have a finishing cut. The cuts themselves
were made very accurately with this process. The process time in this step is related to
the number o f electrodes cut.
Throughput o f this step could not be significantly changed to increase yield
since each electrode must be cut individually. The FIB milling process has been used to
machine the tips o f microelectrodes throughout this study. It is an extremely reliable
process for machining the tips o f microelectrodes.

3.2.5 Electrode R ecess
Generation
Each electrode is inserted to a depth of 0.5mm in 0.1N saline solution and has
usually been observed with optical microscopy. Negative voltage is applied to the
electrode with respect to an Ag/AgCI reference electrode and increased in steps o f 0.1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

55

volts from -0.4 volts in 5 minute intervals. This procedure is the same procedure that
is used to generate the electrode C/V curve. Current generally increases as voltage is
incremented in 5 minute intervals until it reaches the plateau region of the curve at -0.60.7 volts. As the voltage is increased to 0.9 volts, the current climbs out of the plateau
range as reactions other than those involving oxygen begin to occur.

Copious

effervescence can be observed at the catalytic surface at -0.9 volts as current continues
to increase beyond the plateau region. As voltage is incremented through -1.1 volts,
evolution o f gas at the tip becomes excessive. A slight drop in output current may be
noticed at this point which correlates with the ejection of material from the tip of the
electrode and the formation of a recess. The recess is directly observed through the
microscope after formation.

Recess lengths are measured with optical microscopy

using the Optimas Optical Metrology System (System 5.1 A). Some electrodes do not
form a recess with this procedure. In this process, the inner substrate core is removed in
addition to the platinum when the recess is formed.

R esults. The results of recessing for Series PT10 electrodes are shown in Table 4.
Table 4 - Series PT10 Recess Lengths as Measured with the Optimas Metrology
System (picoamps)
PT10.1

PT 10.2

PT 10.3

PT 10.4

PT10.5

PT 10.6

no

4

No

3.5

3.4

2.5

E lectro d e

PT 10.7

PT 10.8

P T 10.9

PT 10.10

PT10.11

P T 10.12

R ecess
form ation /
len gth

7.5
cracked

no

8
cracked

yes

3.6

3.7

E lectro d e
R ecess

formation/
len g th
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An SEM micrograph o f an electrode in Series PT10 that has formed a recess by this
procedure is shown in Figure 14. The same electrode was photographed with optical
microscopy from the side and the recess was easily observed as shown in Figure 15.

u i i i

. i i

i

• ■

"

A M R AY

*

i. n

ii i

Figure 14 - End View SEM of the Recessed Electrode (PT10.12)

Figure 15 - Optical Micrograph of Electrode PT10.12 (side view),
Showing the Recess
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D iscussion. This step is currently the yield-limiting step in the electrode
production process. This process o f recess formation has created recesses in 75% of
Series PT10 electrodes. In general, recesses have been observed to form within the first
20 minutes o f the beginning o f evolution o f gasses from the tip o f the electrode. The
average recess length o f electrodes in Series PT10 was 4.5 microns. Electrodes were
inspected optically before and after each test in solution during recess formation. The
process o f recess generation has been observed with optical microscopy although not in
every case. The drop in current has generally been a good indicator o f when the recess
has formed in Series PT10. The platinum catalytic surface was visible on the SEM in
Figure 14 at the base of the recess from this angle. The recess length was measured
from the micrograph in Figure 15 using the Optimas Optical Metrology System, and
found to be 3.7 microns. This system was used to make all recess length measurements
in the study.
Two o f the electrodes developed cracks as the result o f manipulation during
processing and were rendered unusable. These electrodes PT10.7 and PT10.9 also had
very long recess. This correlation is noted because the cracking in PT10.9 occurred at
the same time as a lengthening of the recess. Electrode PT10.10 had a recess but was
broken during testing before a recess length measurement could be taken.
It is important to note that the recessing step o f this process is the least
quantifiable step. This process of recess formation is attributed to mechanical stress at
the tip o f the electrode during the reaction o f the catalytic surface with the surrounding
medium although detailed studies o f this process have not been completed.

It is

possible that the violence o f the reactions at the tip may cause fractures in the inner
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glass core, allowing for ejection o f the core from the tip.

This step limits the

production process as a whole, and requires further study.
Recessing by anodic dissolution with 3mg/m1 NaCN in 0.01M NaOH was also
done during this project Some authors have claimed success using this technique to
recess catalytic metals from the tips o f electrodes. In this application, several problems
were encountered with this technique. Undercutting and uneven etching made the size
o f the catalytic surface area o f the electrode an unknown. Large increases in current
were also seen that were associated with changes in the polarization properties of the
electrode catalytic surface.

In some cases, there were increases in zero oxygen

equilibrated solution measurements to levels outside of the 5% acceptable range. For
these reasons, anodic dissolution was not used to generate recesses in these electrodes.

3.3 Electrode Instrumentation System
The design o f the electrode instrumentation system was a simple single loop DC circuit.
The voltage source was in series with the electrode system and a picoammeter.

The

system was well shielded and grounded in a star ground configuration to eliminate loop
currents.

The negative side of the voltage source was connected to the platinum

microelectrode via a shielded connection. The tip of the electrode was placed into the
measurement solution (0.1M NaCl) which completed the connection to 2 inch, 2mm
diameter Ag/AgCl reference electrode. Measurement solutions were always 0.1M NaCl
solutions with the reference electrode 1-2 inches in solution and the cathode 1-2 mm in
solution. The solution pH was tested with pH paper on a regular basis and always fell
in the range of ph 6-8.

All measurements were made at standard lab conditions
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(temperature 20°C, ambient air pressure (1 atmosphere), and humidity 45%). The
reference electrode was constructed in the same manner used by Bauer (1995). The
reference electrode and the picoammeter (Keithley Model 428) were grounded, and the
circuit was completed by connecting the picoammeter to the positive terminal on the
voltage source. The circuit is depicted below in Figure 16. This electrical arrangement
was used to make current measurements from the electrode in air equilibrated and at
low oxygen equilibrated partial pressures. The same electrical configuration was used
to make measurements in moving and stagnant solutions for tests o f stir sensitivity. The
actual chambers and systems used to make these measurements will be described
individually in Chapter 4. System response testing was done as described in Section
3.3.1.
Vollage Source
Microelectrode

Cath<
Referenc

Anode

r0
A

Picoammeter

Figure 16 - Oxygen Microelectrode Instrumentation System
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3.3.1 Instrum entation System
R esponse
The electrode instrumentation system was assembled as described earlier, except
that resistors were used in place o f the electrode and reference combination as shown in
Figure 17. Current output o f the system was measured as an applied voltage o f -0.4
volts through -1.1 volts and was applied in 0.1 volt increments. The system was tested
over a range of 10MQ-100,000MQ. The normal range of operation o f the system was
between 100MD and 1000MQ impedance. This range was selected as the normal range
because the electrodes in this study had impedances between 100MD and 1000MQ, as
calculated from their current responses during measurement. Additional tests o f the
system were conducted to evaluate the system performance both in the normal range of
operation and
Voltage Source

-

+

Test Resistor
1 Picoammeter

Figure 17 - Instrumentation System Test Configuration
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beyond the normal range o f operation (10MQ-100,OOOMH). Response was evaluated
at the -0.7volt setting. The response was compared with a theoretical response derived
from the known resistances o f the circuit by the equation
f

100

D p

A

+ lop

-

V

Eq. 5

calculated

where Remeasured is the output current measured at the voltage setting o f 0.7 volts and
Recalculated was the calculated output based on the electrical model o f the system. The
system response goal was within 1% at -0.7 volts applied.

R esults. The system response to a variety o f impedances was tested according
to Equation 5. Data from measurements of the system response to test resistors are
shown in Table 5. This table is summarized in graphical form in Figure 18.
Table 5 - Calculated and M easured Currents with T est Resistors
Resistance (R)
Measured R
Voltage
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1

100000MegQ
92900MegQ
calculated
measurec
4E-12
4E-12
5E-12
5E-12
6E-12
7E-12
8E-12
8E-12
9E-12
9E-12
1.0E-11
IE-11
1.0E-11
1.1E-11
1.1E-11
1.2E-11

0.4
0.5
0.6
0.7
0.8
O.S
1
1.1

100 MegQ
99.1 MegQ
calculated
measured
4.045E-09
4.06E-OS
5.050E-09
5.06E-O9
6.055E-09
6.07E-09
7.056E-09
7.08E-O9
8.056E-09
8.09E-O9
9.056E-09
I
9.10E-OS
1.0057E-08
1.01E-O8
1.1051E-08
1.11E-08

Resistance (R)
Measured R
Voltage

1000MegQ
882.2M egQ
calculated
4.56E-10
5.70E-10
6.84E-10

7.98E-iq
9.12E-10
1.03E-09
1.14E-09
1.25E-09

measured
4.70E-10
5.80E-10
6.80E-10
8.00E-10
9.30E-10
1.02E-09
1.14E-09
1.25E-09

9.66MegQ
9.8MegQ
calculated
Measured
3.9583E-08
4.00E-08
4.8987E-08
4.97E-08
5.8239E-08
5.96E-08
6.7287E-08
6.95E-08
7.6174E-08
7.95E-08
8.4913E-08
8.97E-08
9.3515E-08
1.00E-07
1.01917E-07
1.11E-07
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The system response measurements varied by less 0.5% from predicted values in the
normal range o f operation o f the picoammeter (resistances 100MQ-1OOOMH). The
picoammeter had less than 5% variation over the entire range o f resistances tested
(10MD-100,000Mn).

D iscussion. The measurement system response was very close to the ideal
calculated response. The measured values shown in Figure 16 coincide almost exactly
with the predicted values over the normal range of operation. This result is a good
indicator of the accuracy o f the system.
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Calculated & Measured Vl» fo r Keithtey 619 m eter with given resistances

04

0.5

07

09

1.00E-11

•1000M

Figure 18 - Calculated and Measured C u rren t vs. Voltage Curves for the
Instrumentation System Using Test Resistors in Place of Electrochemical Circuit
Elements
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CHAPTER 4
ELECTRODE TESTING
The current manufacturing process has been in development over a three-year
period. The modeling effort was developed prior to that to help guide the manufacturing
process. Several different variations in construction technique have been tried over the
period of development o f the current process, and many have failed to make useable
microelectrodes.

The preliminary tests discussed in this chapter have been used to

evaluate the usefulness of thin-film processes such as gold, platinum, and SiO?
sputtering,

SOG

thin-film

coating,

and

FEB machining

in

building oxygen

microelectrodes. The microelectrode tests have been used to evaluate the performance of
electrodes built using a particular construction method. Yield o f the overall process is
calculated as a final test o f the process.

4.1 Preliminary T ests
The preliminary tests were conducted mostly in the early stages of the process
development phase and contributed to the final process design. This testing allowed for
the step-by-step selection o f the best materials and techniques to be used in the
micromanufacturing process.

This testing also saved valuable research time and

demonstrated the feasibility o f some micromanufacturing techniques in this novel
application. These tests were used to select the best catalytic metal (gold or platinum) for
64
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use in microelectrode construction, to determine the composition o f the insulation
layer, and to test the response of the microelectrode measurement system.

4.1.1 Sputtered Metal Adhesion
Gold and platinum were tested for their ability to adhere to the glass needle
substrate. Rods were sputtered with gold or platinum to a thickness o f 0.5 microns after
pulling (Step 1, Section 3.2.1) as described in Section 3.2.2. SOG was then applied and
cured repeatedly to the point o f fracture. Electrodes were examined for lift-off of the
sputtered metals from the substrate as an effect o f the SOG curing process.

The

conditions used to evaluate electrode sputtered metal adhesion are described as follows:
0) no cracking, 1) minimal cracking, 2) cracking with lift-off of the SOG, and 3) severe
cracking with lift-off resulting in breaking of the electrical connection.

R esults. A summary o f electrodes compared from Series AU4 and Series PT1 is
shown in Table 6.

Table 6 -Electrode Catalytic Metal Adhesion Comparison
Electrode AU5
3

Condition
2

Electrode PT1
4

Condition
0

4

2

5
8

0
2

9

3

9

2

10

■-»

10

J

8
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D iscussion. Tests showed that there was lift-off on both sputtered gold and
sputtered platinum layers. There was significantly more lift-off on all sputtered gold
electrodes.

Optical inspection showed adhesion problems in all of these electrodes.

Adhesion and flaking o f the gold layer were sufficient enough to cause breaking of the
electrical connection from the tip of the electrode to its base. The platinum electrodes did
show some adhesion problems, but the electrical connection from the electrode base to
the tip was never broken due to flaking off o f the conductor.
Most of the flaking was on the shoulder and upper base region of the electrodes.
In cases where flaking was so bad that contact was broken with the tip of the electrode, a
metalized glue or epoxy could be used to restore the connection, if necessary. This type
of “by hand” work, however, conflicted with the goals o f the project and was not used.
Adhesion of platinum was better than adhesion o f gold. Tests of sputtered platinum
agreed with the recommendations of Vanderkooi, et. al. (1991) who found that platinum
wire was a superior catalytic metal because o f its excellent mechanical performance and
its ability to seal well in glass.

Baumgartl (1983) also used platinum because it’s

coefficient o f thermal expansion matched better with that of glass. He also mentioned
problems with sealing gold in glass insulation. Platinum was chosen as the catalytic metal
for use in this project for all the above reasons. This is one property of the electrode
produced in this work that is a deviation from the standard practices of Whalen, who was
a firm believer in the use o f gold. The use o f a sputtered adhesion promoter (such as Ti)
was avoided because of possible interference with the catalytic surface during electrode
use.
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4.1.2 Sputtered Metal Catalytic
R esponse
Electrodes sputtered with platinum and gold (0.5 microns) only (i.e., not coated
with insulators) were put in air equilibrated 0.1M NaCl solution to a depth o f 0.5 mm.
C/V curves were taken as described in Section 4.2.1 with respect to a Ag/AgCI reference
electrode and examined for the proper “plateau region” as described in Chapter 2.
Representative bare platinum and gold electrode plateaus were taken from 5 different
series o f electrodes. The length and overall slope of the resulting plateaus were taken as
an indication o f the overall quality of the sputtered platinum layer as a catalytic substrate.
Plateaus were taken with both bare gold and platinum microelectrodes to determine if one
would demonstrate a better plateau than the other. A better plateau would indicate a
preference for that sputtered metal as a catalyst for the micromanufactured
microelectrode.

R esults. The catalytic response current/voltage curve (C/V curve) generated by
the bare sputtered platinum electrode is shown below in Figure 19.

Baseline (PT1.1)

1.6

1.4

g 1.0
c 0.6

0.0

0.5

0.6
0.7 : 0.8"
0.9
: Voltage applied (Volts)

1.0

Figure 19 - Current of Bare Platinum Microelectrode vs. Ag/AgCI
(0.1M NaCl, pH6-8)
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Current output over the range o f applied voltages for 5 bare Au and Pt microelectrodes
are shown below in Table 7 (all units in nanoamps).
Table 7 - C/V Curve Data for Baseline Electrodes (nanoamps, 0.1M NaCl, pH6-8)
V o lta g e
.4
.5
.6
.7
.8
.9
1.0
1.1

AU4.1

AU5.1

PT1.1

PT2.1

PT 10.16

30

70

400

53

60

93

170

460

57

120

180

288

540

76

190

263

380

560

107

280

300

470

670

155

390

420

640

780

225

520

620

900

930

327

810

1000

1250

1400

381

2350

D iscussion. The curve in Figure 19 is considered representative of the bare
sputtered platinum electrode. The plateau region occurs between the voltage of 0.6 volts
and 0.7 volts. All electrodes had some increase in current over the plateau region in the
bare electrode testing.

Optical inspection showed no appreciable difference between

plateaus with gold as compared with plateaus with platinum microelectrodes, as can be
seen by inspection o f the data above.

Convective currents (stirring artifacts) in the

solution made ideal plateaus difficult to achieve using these bare electrodes. The curves
showed currents over the expected range (microamps) for this size electrode.

The

plateau in Figure 19 is roughly one order o f magnitude less in current than curves
discussed by Davies (1962) which were taken in similar conditions (a variety o f air
equilibrated buffered solutions vs. Ag/AgCI) from an electrode with a catalytic surface
area roughly one order o f magnitude greater in area.
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4.1.3 Insulation Laver
Experimental tests were performed to evaluate the insulation properties o f the
sputtered SiO? film, the SOG film, and the combination o f these two on the electrode
surface. Electrodes were prepared in three different ways for testing. All electrodes were
coated with platinum as described in Section 3.2.2, then coated with either 2 microns o f
sputtered SiO? (SiOo coated electrodes), multiple coats o f SOG (SOG coated electrodes),
or with 2 microns o f sputtered SiO?, cut by FEB, and then coated with one coat o f SOG
(Si02 and SOG coated electrodes).
Multiple coatings of SOG were applied to test electrodes in an attempt to
eliminate the necessity for sputtering the SiOi layer, and thus reduce process time. The
SOG used in this study has been used for dip coating planar surfaces at a thickness o f 0.4
microns per dip. Tests were conducted with test electrodes to attempt to realize a 2.8
micron coating by applying 7 coats of SOG. These SOG electrodes were prepared with a
bake cycle slightly different than the cycle described in Section 3.2.3. The multi-coat
process proceeded as follows: As each coat o f SOG was added, the cure temperature was
ramped up from room temperature to 150°C at a rate of l°C/minute. The temperature
was held at 150°C for 2 hours to allow the SOG to cure. Temperature was then returned
to room temperature at a rate of 0.25°C/minute. After the final coat of SOG was cured as
described above, the temperature was ramped up again from room temperature to 200°C
at a rate of l°C/minute. The temperature was held at 200°C for 2 hours to allow the SOG
to cure. Temperature was then returned to room temperature at a rate of 0.25°C/minute
to prevent cracking o f the SOG.
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All three groups o f electrodes were tested for conduction in 0.1M NaCl
solution at -0.7 volts applied with respect to an Ag/AgCI reference electrode.
current that was generated from the electrodes was measured.

Any

The electrodes were

inspected for cracking by optical and scanning electron microscopy. Electrodes were
tested both uncut and after cutting off the tips by FIB as described in Section 3.2.4. The
FIB-cut electrodes were also tested for depth sensitivity. Depth sensitivity was measured
by attempting to detect a current change from the electrodes as depth was varied from tip
only contact with the solution to inserting the tip 1 mm in solution. Depth sensitivity was
the main consideration in cut electrodes. Any amount o f depth sensitivity showed that
current output from the electrode had some component that must be attributed to
reactions across or through the insulator, in addition to reactions at the tip. A depth
sensitive electrode would be unusable.

Results. Overall results of the experimental tests o f insulation properties of
Si02 coated electrodes, SOG coated electrodes, and Si02 and SOG coated electrodes are
given in Table 8.
Table 8 - Insulation Testing Results on Platinum Electrodes
Depth
Sensitivity

Insulation L ayer

Cracking

SiC> 2 only

Yes

-

SOG only

Yes

Yes

Si02 and SOG

No

No
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A table o f current data for Si02 coated electrodes is shown in Table 9.
Table 9 - S i0 2 Sputtered Electrode Currents in Cut and Uncut Electrodes (-0.7volts,
0.1M NaCl, pH 6-8)
S iP 2 S p u ttere d E lectr o d e Data (all cu rren ts in p ic o a m p s , tak en a t -0.7V)
U ncut

PT 2.5
210

PT 2.9
—

PT 2.10
—

PT3.11
153

P T 4.8
95

PT 4.9
645

PT 4.12
—

Cut

—

1243

2700

—

—

—

742

Data for the SOG coated electrodes are given in Table 10.
Table 10 - SOG Coated Electrode Currents (-0.7volts, 0.1M NaCl, pH 6-8)
SO G C o a te d E lectr o d e Current (all cu rren ts n a n o a m p s , a t -0.7V)
PT11.3
PT 11.10
PT 11.2
P T 11.6

P T 11.12

Current tip o n ly

30

40

50

40

45

Current tip 0 .5 m m

150

165

120

123

111

S i02 and SOG coated electrode data is shown in Table 11.
Table 11 - Depth Sensitivity Before and After SOG Application (-0.7vo!ts, 0.1M
NaCl, pH 6-8)

Current
pre SOG
Depth
se n sitiv ity
pre SOG
Current
p o s t SOG
D epth
sen sitiv ity
p o s t SOG
Current
p o s t FIB

P T 10.4

PT 10.5

PT 10.6

PT 10.8

P T 10.10

PT10.11

P T 10.12

12000

19300

-

-

-

-

-

Yes

yes

-

-

-

-

-

880

950

520

70

0

0

0

No

no

no

no

no

no

no

-

-

-

400

510

1070

3050

The following micrographs in Figures 20-23 show results o f coating and testing
on some o f the S i0 2 coated and SOG coated electrodes.

The implications o f these

results are addressed below in the Discussion section.
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Figure 22 - Electrode SOG Coating Almost to the Tip

Figure 23 - Optical Micrograph of Cracked SOG Electrode Coating (lOOx)
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D iscussion. SiC>2 coated electrodes showed currents in the range o f hundreds
o f picoaraps. S 1O2 coated electrodes that were sputtered with SiC>2 and then cut with FIB,
showed slightly more current than the uncut SiC>2 coated electrodes. Electrodes had to be
measured either uncut or cut, but not both. Current in some cases started out at near zero
picoamps in uncut electrodes but eventually increased.

Increasing current usually

indicated the development o f a crack in the insulator. These electrodes showed cracking
at the tip after current tests were made.

This type o f cracking made the electrode

unusable, and is shown in Figure 20. Table 9 shows that Si02 coated electrodes had
some current across the S1 O2 layer, and electrodes that cut off showed more current,
presumably as the result o f the availability o f the open platinum catalytic surface at the
tip after the cut.
SOG coated electrodes had currents in the range o f tens to hundreds o f nanoamps.
Electrodes coated only with SOG had very little reduction in current from the microamp
levels discussed in Section 4.1.2. SOG coated electrodes were also very sensitive to
depth o f insertion into solution. This depth sensitivity was understandable after the tips
of these electrodes were examined under SEM. Coatings laid down on bare platinum
microelectrodes did not perform comparably to coats laid down on planar surfaces in
general, where coatings for this SOG would be 0.4 microns thick. Thickness of SOG on
these electrodes was much less than expected. Electrodes coated with seven coats of
SOG had no visible coating on the tip as viewed by SEM (Figure 21). Coating was
visible to the naked eye in the neck region but failed to coat to the tip. The expected
coating thickness was 2.8 microns with 0.4 microns per coat. One electrode showed
some coating that was visible by SEM as stopping a short distance from the tip. This
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electrode is shown in Figure 22. The visible change of shade near the tip seems to
indicate the end o f a very thin SOG coating. Lack o f SOG coating on the shank region
and near the tip made the insulation ineffective. The variation in current with only a
minute change of depth in solution (0.5mm) can be seen in Table 10. This type o f change
indicated depth sensitivity.

Currents also tended to increase over time.

Increasing

currents indicated, in most cases, that micro-cracks had formed in SOG along the length
o f the shank o f these electrodes. Although these were not clearly visible under optical
microscopy at first, continued testing showed an increase in current that was eventually
associated with the formation o f a visible crack on the shank of the electrode.

An

example o f this type of cracking can be seen in Figure 23. Depth sensitivity and high
current made these electrodes unusable for the intended application.
The problem o f SOG not coating bare platinum electrodes appreciably at the tip
area after 7 coats has been attributed to surface tension effects. Coating o f the tips of
Si0

2

coated electrodes has been demonstrated by elimination of current entirely as will

be discussed below with reference to the Si02 and SOG coated electrodes.
Si02 and SOG coated electrodes showed no depth sensitivity in the 9 electrodes to
which SOG was applied over Si02. Si02 and SOG coated electrodes in Series PT10 had
three electrodes in which current was totally eliminated (PT10.10-12) by SOG. The Si02
and SOG coated electrodes that showed no current showed current after the tips were re
cut with the FIB. The average current for Series PT10 in unstirred solution was 1.2
nanoamps at -0.7 volts in air equilibrated O.lNaCl measured against an Ag/AgCI
electrode. Current in Series PT10 will be discussed in further detail in the discussion of
stir sensitivity in Section 4.2.3.
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In the absolute sense, only the S 1O 2 and SOG coated electrodes that have no
current output before FIB cutting (PT10.10-12) can be guaranteed of having oxygen
sensitivity only through the recess. These are considered the highest quality electrodes.
Other electrodes that have current output after SOG coating, but are still depth
insensitive, are considered o f medium quality.

This distinction is because these

electrodes may have some conduction through Si0 2 in the area of the meniscus that forms
at the tip of the electrode when only the tip is in solution. There has been no method
developed to test for conduction in the meniscus area near the tip.
Depth sensitivity as the result o f reactions through insulating coatings was the
main indicator associated with a lack o f integrity of the SiCh sputtered or SOG dip coated
insulator. There were reactions through the insulating coatings in both the S1O 2 coated
electrodes and the SOG coated electrodes, and there was no depth sensitivity in the Si02
and SOG coated electrodes.

These results indicate that the Si02 and SOG coated

electrodes were the best insulated and best suited for use in the production process. Lack
o f changes in current as changes in depth were made indicated that oxygen reduction
reactions were indeed occurring only in the region o f the tip and that the electrodes were
well insulated on the shank.
Because of the ability o f the Si02 and SOG coated electrodes to eliminate depth
sensitivity and conductance (taking pre-FIB current as an indication o f insulation
integrity), the process used to construct these electrodes was selected as the best process
for use in construction o f the thin-film micromanufactured oxygen microelectrode.
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4.2 M icroelectrode Testing
A variety o f tests were performed on the electrodes constructed in this study
included plateau generation, oxygen response, stir sensitivity, and drift. Tests were based
on the goals o f making an electrode that would respond to dissolved oxygen at the tip,
had zero output at zero partial pressures o f oxygen, had less than 5% stir sensitivity, and
an electrode lifetime of at least 10 hours. Electrode drift was evaluated and C/V curves
were taken to give an indication o f the performance o f the micromanufactured oxygen
microelectrode in relation to oxygen microelectrodes produced using classic production
techniques such as the W/N electrode. All C/V curves were taken at ambient room
temperature and pressure (25°C, 1 atmosphere) and in 0 .1M NaCl solutions at pH6-8.

4.2.1 Current/Voltage Plateau
G eneration
Current/Voltage curves (C/V curves) were generated in the two-chamber test cell
depicted in Figure 24. One chamber was open to the air and was used for measuring
dissolved oxygen concentration in air-equilibrated 0.1M NaCl solution, and the other
chamber was maintained with a constant flow o f nitrogen and contained Iow-oxygen
0.1M NaCl solution. Low-oxygen 0.1M NaCl solution was generated by bubbling 0.1M
NaCl solution with 100% nitrogen for at least 6 hours as described by Kolthoff and
Lingane (1952). All C/V curves were taken at ambient laboratory temperature (25°C)
and pressure (1 atmosphere.) and pH was consistently in the range of pH 6-8. C/V curves
were generated by applying a set voltage to each electrode over a range of -0.4 to -1.1
volts. Voltage was applied starting at -0.4 volts, stepped in 0.1 volt increments, and held
at each voltage setting for at least 5 minutes. This delay allowed for an estimate o f steady
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state response to be taken at each voltage. All measurements in this work were made
versus an Ag/AgCI electrode. The current was plotted against the voltage to obtain a C/V
curve as described in Chapter 2. Generally, electrodes were stepped from -0.4 volts to 1.1 volts and then back down to -0.4 volts. This procedure gave a minimum total time in
solution o f 75 minutes (1.25 hours) for each curve generated. Curves were taken in airequilibrated solution first, followed by the curves from low-oxygen equilibrated solution.
The dual
Reference electrode insertion ports
Electrode insertion ports

Air in [

” Z3 Nitrogen in

Solution in [

I HI Solution in

Solution out [

" Z3 Solution out

Figure 24 - Electrode Test Chamber

chamber system allowed for a minimum down time between air-equilibrated and lowoxygen equilibrated curves by easy transfer of the electrode and reference from one
chamber to the other. In most cases multiple sets o f air-equilibrated and low-oxygen
equilibrated curves were taken on single electrodes, which allowed testing o f the
electrode at various stages in production. C/V curves have been taken for both recessed
and unrecessed electrodes. C/V curves were also taken in the low oxygen condition and
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plotted on the same graph as the air equilibrated C/V curves, which allowed for a
simple evaluation o f the electrode response.

R esults. A typical C/V curve for Electrode PT9.2 is shown in Figure 25. It has
a plateau stretching from -0.6 to -0.9 applied volts. An example graph with both an air
equilibrated C/V curve and a low oxygen equilibrated C/V curve is shown in Figure 26.
PT9.2 in a ir equilibrated 0.1 M NaCl v s. Ac/AgCf

i
i

4000
3500

ZL 3000
a
o 2500
2 2000
1500
1000
500

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

ii

V oltage applied (volts)

Figure 25 - PT9.2 C/V Curve

The fact that multiple plateaus were taken on almost all electrodes caused the minimum
time in solution per electrode goal o f 1.25 hours to be below the average for all series of
electrodes. In Series PT9 the average time in solution was 5.48 hours, well above the
minimum time goal.
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Figure 26 - C/V Curves in Air Equilibrated and Low O2 Equilibrated Solutions

D iscussion. Over 300 C/V curves have been generated during the course o f this
study. Plateaus derived under the conditions described above have varied from electrode
to electrode, but in general have shown a shape similar to those described in the classic
literature and shown in Section 2.3.3.

C/V curves have been generated on almost all

electrodes that have been produced over the duration of the project. C/V curves have
been found to vary from electrode to electrode. The current output at -0.7 volts applied
in 0.1M NaCl solution for Series PT9 had a range from 150 picoamps to 3300 picoamps.
Variations in the electrode responses are attributed mainly to variations in active catalytic
surface area and random error but can also depend on variation in polarization across the
catalytic surface, substances in solution that may block the catalytic surface (poisoning),
variations in diffusion parameters, substrate fluid convection, time variation o f the system
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as a whole, variation in ambient air pressure, temperature, and humidity, and electrical
noise (Schneiderman, 1975, Silver, 1973). The combination o f all these parameters
makes C/V curve generated by oxygen microelectrodes in general vary over a large
range. This variation requires that each electrode be calibrated individually. Individual
electrode calibration is a standard characteristic of these types o f electrodes. C/V curves
generally have a plateau region between -0.6 and -0.8 volts applied. A slight slope is
sometimes seen in the plateau region.

A slight slope is common in oxygen

microelectrodes as described Davies and Brink (1942), Bumgartl and Lubbers (1983),
and Linsenmeier and Yancy (1987), (Figure 5). C/V curves in this study taken from
recessed electrodes have been more stable than curves taken from bare or non-recessed
electrodes. This effect has been attributed to inhibition of stirring effects by the recess
and was also suggested by Davies and Brink (1942). The electrodes manufactured using
the process in this study were found to be robust, with electrodes remaining in solution
over 12 hours during plateau generation alone. C/V plateaus produced by electrodes in
this study in air and low oxygen equilibrated 0.1M NaCl solutions were also similar to
curves produced by other authors using similar electrodes produced by classical
production techniques.

4.2.2 Dissolved Oxvaen
R esponse
Electrode response to dissolved oxygen was determined by comparing the current
in air-equilibrated 0.1M NaCl solution with the current in a low-oxygen equilibrated
0.1M NaCl solution. This response was generally determined using data from the -0.7
volt applied reading on the C/V curve and was calculated as described in Section 4.2.2
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above.

Separate measurements were made to determine oxygen response, in some

cases. These comparisons were made with -0.7 volts applied to the circuit in Figure 14
with the electrodes in the chamber as shown and described in Figure 20. The current
output in the low-oxygen equilibrated solution (Izero) was compared to the current output
from air-equilibrated solution (Iair) by the equation

- r 22— *
air

100

E q. 6.

The maximum low-oxygen equilibrated solution output current that was considered
acceptable was set at 10% of the current measured in the air-equilibrated solution. The
current from the low-oxygen solution was also an indication o f the quality o f the catalytic
surface.

R esults. Series PT9 currents in air equilibrated and low oxygen equilibrated
0.1M NaCl solutions are shown in Table 12 below.

All currents are measured at a

voltage of -0.7 volts applied.
Table 12 - Current in Air and Low O 2 Equilibrated Solutions (picoamps, 0.1M
NaCl, pH6-8)

Electrode
PT9.1
PT9.4
PT9.5
PT9.6
PT9.2
PT9.3
PT9.7
PT9.8

Air eq.

Low O2 eq.

150

3

2380

2

890

negligible

3300

6

1950

1

2400

negligible

760

10

1000

negligible
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The low oxygen equilibrated solution current measurement was, on average, 0.45% for
the Series PT9 electrodes.

D iscussion. Here oxygen response has been described by comparing current
levels at a single value (-0.7V applied).

Other authors have chosen to make this

comparison by comparing air-equilibrated solution C/V curves with low oxygen
equilibrated solution C/V curves in graphical form (Davies and Brink, 1942).

This

method makes the oxygen response easily visualized. Dissolved oxygen response has
been measured throughout the development o f the fabrication process on many different
series o f electrodes although maintaining low oxygen concentration solutions has been
difficult. Response to oxygen has always been good. A low oxygen equilibrated solution
current measurement was calculated covering the entire study based on 12 samples of
data from multiple series of electrodes (which included measurements from Series PT7
and Series PT2).

In this group, the low oxygen equilibrated solution current

measurement was, on average, 0.68% of the air level oxygen equilibrated solution
current. The low response o f these electrodes in low-oxygen equilibrated solutions is
attributed to the quality of sputtered platinum as a catalyst.
It is worth noting that the data from the response test described here could also be
used for a two-point calibration o f the electrode (Hitchman, 1983).

A two-point

calibration would be performed assuming that the response to oxygen by the electrode
was linear and plotting current versus oxygen partial pressure on a graph and drawing a
straight line through them. Standard calibrations usually have at least 3 points. This type
o f testing remains to be completed for these electrodes as calibrating o f the electrodes
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was not a goal o f this work. Testing o f the electrode by calibration, testing the effect
of variation in temperature and pH, and testing for response time are recommendations
for further study and are included in Chapter 6.

4.2.3 Stir Sensitivity T ests
Stir sensitivity was tested by comparing the output current o f recessed electrodes
at -0.7 volts applied in a stagnant (Istagnam) versus a moving ( W in g ) 0.1M NaCl solution.
This testing was done on each electrode using the apparatus shown in Figure 27.

Measurement System

Solution in

Solution flow ■

Solution flow

Figure 27 - Flowing Solution Apparatus

The “Measurement System” referred to in the figure refers to the standard electrical
configuration as shown in Figure 16. Solution flow was controlled by a valve going into
the apparatus allowing for measurements to be made in stagnant and moving solutions.
The velocity o f solution passing the tip was at least 1 cm/sec. Velocity was calculated by
measuring the time required for a bubble to pass a known distance through plastic tubing
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as it was being carried in solution through the tubing to the apparatus. Sensitivity was
measured as the percent change in output current o f the electrode by sample calculated as
( I moving

” ^ stagnant

) .

i n n

-------------------- * 1UU

Eq 7

stagnant

The goal for this work was less than 5% stir sensitivity as defined by Equation 7, and was
also the percentage used as design criteria by Schneiderman and Goldstick (1978).

R esults. The stirring data for Series PT10 is shown in Table 13.
Table 13 - Current in Stirred and Unstirred Air Equilibrated Solutions (picoamps,
0.1M NaCl, pH6-8)
E lectr o d e
C o n d ition
S a m p le 1
S a m p le 2
S a m p le 3
S a m p le 4
S a m p le 5
S a m p le 6
S a m p le 7
S a m p le 8
T otal
A verage
% C hange

PT10.4
Stirred
1200
1330
1300
1100
1750
1780
1860
1530
11850
1481

E lectr o d e
C o n d itio n
S a m p le 1
S a m p le 2
S a m p le 3
S a m p le 4
S a m p le 5
S a m p le 6
S a m p le 7
S a m p le 8
T otal
A verage
% C hange

PT 10.10
Stirred
550
490
650
650
630
710

3680
613

U n stirred
1190
1290
1230
1090
1690
1690
1840
1450
11470
1434
3.3

U n stirred
510
490
640
640
630
700

P T 10.5
Stirred
780
760
770
760
750
780

4600
767

PT 10.11
Stirred
1110
1150
1320
1350
1360
1370

Unstirred
780
760
770
760
750
770

4590
765
0.2

Unstirred
1070
1130
1280
1290
1320
1330

3610
602
1.9

7660
1277

7420
1237
3.2

Stirred
1391

Unstirred
1350

Difference
41

P T 10.6
Stirred
530
420
370
350
330
330
690
3020
431

P T 10.12
Stirred
3200
3210
3220
3280
3320
3310
3340
3330
26210
3276

% change
3.0
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U nstirred
520
400
360
330
290
310
670
2880
411
4.9

U nstirred
3050
3090
3120
3190
3230
3240
3240
3240
25400
3175
3.2
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D iscussion. Overall stir sensitivity was calculated as 3.0% for Series PT10.
The overall stir sensitivity in these electrodes was found to meet the goals of
Schneiderman and Goldstick (1978).

4.2.4 Drift
Electrode output drift was measured in a limited amount.

Electrode drift

measurements were taken at random intervals throughout the process, by putting an
electrode in 0.1 M NaCl solution at -0.7 volts with respect to an Ag/AgCl reference for 6
minutes. Electrode output drift of less than 5% was considered acceptable. Drift was
calculated in both cases by comparing the initial current value with the ending current
value after the end o f the test for stir sensitivity by the formula
^ -* 1 0 0 .
I,

Eq. 8.

Electrode output drift has been measured in Series PT10 electrodes PT10.4 and
PT10.5.

R esults. The output drift measurements are shown in Table 14.
Table 14 - Electrode Drift in Series PT10 Electrodes (picoamps, 0.1 M N aC l, pH 6-8)
M inutes

PT 10.4

PT 10.5

0

940

900

1
2

910
870

900

830

3

890

880

4

920

930

5

950

880

6

930

940

% C hange

1.1

4.4
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D iscussion. Electrode drift has always been minimal in these electrodes. Drift
was one o f the earliest considered questions because o f its importance in making accurate
measurements. These measurements were consistent with the observations of Lubbers, et
al. (1968). Electrode drift has not been measured to be greater than 10% though some
has been noticed over the lifetime o f the electrodes. The limit of 10% was the limit of
drift used by Whalen, et. al. (1973) as a limit for useful measurements. Output drift in
these electrodes has shown the normal initial transients that are common at initial
polarization (Davies, 1962), but drift over a 6 minute period has always been less than
5%. The preliminary reason for measurement of drift has been to justify the 5 minute
plateau voltage interval.

4.3 Electrode Production Yield
The calculation o f production yield in this work was done for each step o f the
process as well as for the total process. The calculation for each step was based on the
percentage o f the total number o f electrodes to survive that step calculated as
^"*100
E
L- m

Eq.9

where Eout is the total number o f electrodes that survive the current process step that can
be applied to the next process step, and Em is the total number of electrodes that start the
current process. Multiplying each of the yields of the individual steps together made
calculation o f the total yield. An overall yield o f at least 50% was the goal of the project
as calculated by multiplying the measured yields o f the five individual process steps.
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Series 10 yield was 100% for each of steps 1-4 o f the process. The yield o f
step 5 (recess generation) was 75% overall for Series PT10. Only 6 o f these electrodes
had the specific Step 4 and Step 5 process applied.

These were electrodes PT10.6,

PT10.8, and PT10.10-12. The other electrodes had additional testing performed on them
during the course o f SOG coating recess and recess generation. One o f these electrodes,
PT10.8, did not form a recess. Additionally, electrode PT10.6 was rated as a medium
quality electrode as defined in Section 4.1.3. Only PT10.10-12 were rated as highest
quality electrodes. This consideration limits the yield o f Step 5 to 3 out of 5 electrodes,
or 60%, which makes the total combined yield for this process 60% for highest quality
electrodes, or 80% for medium and highest quality electrodes.
Yield o f the electrode production process has not only been assessed at the end of
the project but also throughout the project. Earlier series had lower yield than Series
PT10 because o f handling and breakage o f the electrodes. Yield has improved through
streamlining o f the process and reducing handling breakage (associated with moving
batches of electrodes from machine to machine and handling during testing) to zero. This
reduction was accomplished through experience o f the researcher with handling the
electrodes and, particularly, through experience in handling the electrodes around the
micromanufacturing equipment used in this study.

It is important to note that the

production process currently in use has much more handling o f the electrodes than is
necessary should the process be further automated as will be described in Chapter 6.
The entire limitation of yield came from Step 5, generation of the recess. The
yield of 60% for this step currently limits the entire production process to a yield of 60%.
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This yield is a marked improvement over the yields o f classical production methods,
where yield has only been reported as around 10%.
The processing time o f the micromanufactured oxygen microelectrode using the
process described in this work is still longer than it could be. The total processing time is
approximately 3 hours per electrode with a batch size o f 12 electrodes. A little over one
hour o f that time is used in sputtering, a little over one hour is used in curing SOG, and
the remaining time is used in cutting the tip and generation of the recess. Larger batch
size alone could reduce the processing time using the current process to under 2 hours by
increasing throughput of both the sputtering and the SOG curing procedures. Further
automation o f the micromanufacturing process, however, could be used to reduce the
process even further by increasing the efficiency o f the sputtering process.
Recommendations for implementation of such automation will be described in Chapter 6.
The process time of 3 hours per electrode using the production method described in this
work is comparable to the time taken per successful electrode for the classical production
method o f the W/N electrode.
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CHAPTER 5
CONCLUSIONS
The thin-film process developed in this study was used with FEB machining to
manufacture oxygen-sensing microelectrodes with tip diameters of less than 10
microns. Conclusions based on the process discussed in this work are as follows:
The thin-film micromanufacturing process developed in this work can be used
for constructing a recessed oxygen microelectrode with a tip diameter o f less than 10
micons that responds to oxygen and has a stir sensitivity of 3.0% in air equilibrated
0.1M NaCl solution in ambient air temperature, pressure, and humidity. Furthermore,
this electrode has a low response in zero oxygen equilibrated saline (0.45% o f air
equilibrated response). The electrode can be constructed in a batch process with a 60%
yield for the highest quality electrodes (sensitivity guaranteed only at the tip) and 80%
yield for medium quality electrodes (sensitivity only in the region o f the tip).
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CHAPTER 6
RECOMMENDATIONS
This work has demonstrated the feasibility o f using thin film technology to
construct an oxygen microelectrode with a tip diameter o f less than 10 microns. There
are five major areas in which work should be done to continue the development o f this
electrode.

Further work with the oxygen microelectrode is necessary to fully

characterize the electrode itself, including testing for stability (drift), and poisoning
effects.

Further work is also necessary to improve the yield of the manufacturing

process.

Further study is required in the area of tip potential as the electrode tip

diameter is reduced. Further work is required into the use of other micromanufacturing
processes to produce microelectrodes o f the type described here. Finally, further work
is needed to examine new applications for oxygen microelectrodes.

6.1 Electrode Characterization Needs
The measurements taken with the electrode over the period of this work in air
equilibrated 0.1M NaCl solution and in low oxygen equilibrated 0.1M NaCl solutions
allow for a 2-point calibration of the electrode. A multi-point calibration with at least 3
known partial pressures o f oxygen is necessary to define a true calibration line for the
electrode, however. A good example of this type o f calibration was done by Baumgartl,
et. al. (1983).

Measurements should also be made with the electrode at different
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temperatures and pH to characterize the effects o f temperature and pH on the
electrode.

Standardized lifetime tests should be conducted on the electrode to

determine the maximum working life and characterize ageing o f the electrodes. The
results o f this work show that electrodes have been reliable for longer than 12 hours in
0 .1M NaCl solution, but a detailed test should be performed.
Tests of electrode poisoning should be made along with lifetime testing.
Poisoning has been discussed by such authors as Whalen, et al. (1967) who tried to
avoid it by using collodion in the recesses o f his electrodes. Whalen refers to what
Davies (1962) defines as aging when he discussed poisoning. Davies defines aging as
“a slow downward trend o f the electrode current over a period o f minutes or hours, even
though the oxygen tension of the medium be maintained constant by equilibration with
a gas mixture.” The actual causative agents for aging have not been quantified, but it is
generally accepted that aging is due to the attachment of some particles to the catalytic
surface.

Davies and Brink (1942) showed that a film o f collodion could protect a

cathode from aging in lyophile human serum.

Tests with one or more blood

components could be used to determine the effects o f poisoning on the electrode in this
work. A specific poisoning test procedure should be developed for this electrode, and
would beneficial in quantifying the agents associated with aging in general.
Response time to changes in solution oxygen concentration could also be
measured using an apparatus similar to that described by Davies (1962). Finally, the
electrode should be tested in a biological system.
The development of the recess in these electrodes is another area that warrants
study. A thorough investigation into the process may allow increasing its efficiency and
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thus increasing the overall yield o f the process. Electrolytic etching to form the
recess was a technique that was also performed as a part of this study, but this technique
introduced the problems o f undercutting, increased currents, and was difficult to
control.

D.G. Buerk (personal communication) also advised against using this

technique for this application for the same reasons suggested above.

Use of the

electrolytic etching technique to form a recess on microelectrodes o f the type described
in this study is not recommended.
Variation o f the platinum catalyst and SiOi insulator thicknesses in these
electrodes must also be studied. The use o f a 0.5 micron layer of platinum was selected
in this process because it allowed for maximum current to be resolved while insuring
that overall tip diameter would remain below 10 microns. Some other thicknesses of
platinum were tried although not enough data was available from these electrodes to
make a detailed comparison. The selection of the 2 micron thick SiOi layer in this
study was also made to achieve the thickest SiOi layer possible while keeping the tip
diameter below 10 microns. Other thicknesses o f the sputtered layers may prove to
change the response of the electrode, e.g. thinner SiOi coatings may not insulate as
well. Tests of thinner layers o f S1 O2 will be necessary to further reduce tip diameter.
Tests of a range of catalytic and insulation layers should be made. This type o f study
would further demonstrate limitations of tip diameter that are achievable by the thinfilm manufacturing process used in this study.
As limits o f tip diameter are reached, consideration should be given to the
effects of tip potential that occur at small tip diameters. A thoroughly referenced study
o f tip potential must be completed before the tip size in this electrode is reduced to one
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micron or below. The work o f Lavalee (1963) and Schanne, et al. (1968) provides a
good starting point for this work.
Sputtering rates were near maximum for each layer to reduce process time in
this study. Slower deposition rates for these layers may also change the performance of
the electrodes. Slower deposition rates may allow for the formation of better insulation
layers in this type o f microelectrode. A study o f different sputtering rates for both the
platinum catalytic layer and the SiO: insulation layer are necessary to demonstrate any
differences this may have on electrode performance.
More modeling of the processes occurring at the tip o f the electrode is required.
Further modeling of the annular catalytic surface area and its relation to the recess could
aid in further development o f the electrode as dimensions are reduced.

6.2 Improvement of Current Thin-Film P rocess
One of the main limitations for the current fabrication process is sputtering time
required by the Uni-Film Sputtering System. Using this system, a batch o f electrodes is
scanned under the target during the sputtering operation. Scanning allows the system to
deposit extremely even films over the entire surface area being scanned but requires
much more processing time.

The process time could be reduced by arranging the

electrodes in a symmetric pattern under the target and rotating them at an even rate. In
this way electrodes could get uniform coverage of sputtered material at the tip and have
a significantly reduced sputtering time by reducing the scan area of the system. The
possibility o f this application is a unique feature o f the programmable Uni-Film system.
A specially designed holder for the electrodes would take advantage o f a radially
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symmetric arrangement and is shown below in Figure 28.

With the electrodes

arranged in a radial pattern, the holder could be centered under the 4-inch sputtering
source, or minimally scanned. Standard calibration curves o f this system show Gausian
distribution over a 6-inch area. Deposition rates in the central inch o f the planet are
roughly 4 times higher than at the edge of a 4-inch diameter central area. The limiting
constraint on this design is that there must be enough coverage of the electrodes to
make an electrical connection at some distance (1-1.5 inches) from the tip. Proper
design o f such a holder for electrode sputtering would also allow for increased batch
size and production yield by lowering the overall time per electrode during the
sputtering step of the process.
The curing step in the manufacturing could also be tested further. Standard
curing times and temperatures were used in this project. Determining minimum curing
Top View

.Electrode

4 inches

Side View
Figure 28 - Radially Symmetric Rotating Electrode Holder
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time necessary to insure complete insulation o f electrodes in this process could
reduce curing time per electrode. Process time per electrode could also be increased by
increasing batch size in this step.

6.3 Development of New M icromanufactruinq
P ro cesses
Baumgartl,

et.

al.

(1983)

described

a

process

by

which

he

used

micromanufacturing to add a reference electrode to the outside o f his platinum
electrode. A process of this type would also be applicable to the oxygen microelectrode
described in this work. Additional sputtered layers could be added over the current
layers to create an Ag/AgCl reference electrode in the same process used by Baumgartl,
et. al. (1983).

An incorporated reference would eliminate the need o f an external

reference electrode because the reference electrode would be included with the
measuring cathode. Baumgartl, et. al. (1983) also suggest that a reference electrode of
this type may reduce noise.
This process used SiO? as the primary insulator for the electrode surface. There
are several other insulators used for similar purposes in the electronics industry.
Investigation into the use o f other sputter deposited insulators, such as Si3 N4, should be
done with regard to their application to the micromanufactured oxygen microelectrode.
Finally, lithographic processes should be considered for use in the construction
o f needle oxygen microelectrodes. Lithographic processes have alredy been used to
produce a variety of microelectrodes, including oxygen microelectrodes.
production

o f an

oxygen microelectrode,

however,

has

not been

The

realized.

Lithographically produced oxygen electrodes have been produced with cathode sensing
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suffer from a large sensing surface area that could never be used for point
measurements in tissue as oxygen microelectrodes. Sreemvas, et al. (1996) came as
close to having a batch processed microelectrode as has been seen in the literature with
a lithographic technique. Their electrode had a height (roughly, the probe diameter) of
around 40 microns. This size was still too large to make measurements as accurately as
the oxygen microelectrode.
The key to building a lithographic oxygen microelectrode is building the
electrode length in the plane o f the substrate. This length allows the electrode length
(base, shoulder, neck, and shank) to be on the order o f centimeters. The constraint is
that the electrode must be able to be separated from the surface on which it was built so
that it may be used. The electrode itself must be long and slender enough to be inserted
into the substrate (tissue) to be studied (usually millimeters).

Building a needle

electrode o f this length in the plane perpendicular to a silicon substrate would be
impractical.
With the use of lithographic processes now so widespread and forming the basis
o f micromanufacturing, the production of an oxygen microelectrode by this method is
inevitable. Once a batch process method for production o f an oxygen microelectrode is
realized using this technique, the true benefits o f mass production of these electrodes
will be seen.
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GLOSSARY
Amperometric sensor - Generally referring to biosensors for species other than oxygen
that are based on polarographic oxygen detection. These sensors often involve the use
o f an immobilized enzyme in conjunction with a noble metal electrode.
Base ('microelectrode base) - The area between where the electrode is connected to the
instrumentation and where the diameter o f the electrode begins to decrease (Figure I).
“By hand” process - A process that must be done by a researcher using his hands and
repeated for each electrode processed.
Cathode - The electrode at which reduction occurs. It is the negative electrode in a cell
through which current is being forced, but is the positive pole of a battery (Weast, et al.,
1979).
Current/Voltage curve (C/V curve) —A plot o f voltage on the x-axis against current
output on the y-axis used to describe the relation between applied voltage and output
current for an oxygen cathode.
Manometric Oxygen Detection —The technique o f measuring oxygen consumption o f
production of living systems by measuring change in the amount o f gaseous oxygen in a
closed system (Davies, 1962)
Micromanufacturing (also, micromachining or microfabrication) - In the narrow sense
comprises the use o f a set of manufacturing tools based on batch thin and thick film
fabrication techniques commonly used in the electronics industry (lithography based
processes). In the broader sense, microfabrication describes one o f many precision
engineering disciplines which takes advantage o f serial direct write technologies, as
well as of more traditional precision machining methods, enhanced or modified for
creating smail three-dimensional (3D) structures with dimensions ranging from
subcentimeters to submicrometers, involving sensors, actuators, or other
microcomponents and Microsystems (Madou, 1997).
Neck (microelectrode neck) - The area of the microelectrode where the diameter o f the
electrode stops decreasing appreciably where the radius o f curvature is negative with
respect to the electrode, or the area between the shoulder and the shank (Figure 1).
Photolithography — In semiconductor manufacturing, the process used to transfer an
image from a mask to the surface o f a wafer through the use of light (Gise & Blanchard,
1978). Image is transferred to a light sensitive emulsion called a photoresist.
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Point oxygen measurement - A measurement made at a specific point in a substrate,
usually with a small sample volume (usually measured in microns3). This is as opposed
to an area or whole sample measurement, which gives an average concentration over an
area or within an entire sample.
Polarized electrode - The point when an electrode adopts the potential externally
impressed upon it with little or no change in current flow (KolthofF & Lingane, 1952).
This voltage range is commonly demonstrated on a Current/Voltage curve.
Polarographic Oxygen Detection - The technique developed by Heyrovsky in 1925
demonstrating that with a liquid mercury electrode at the proper voltage, a current was
produced that was proportional to the oxygen tension in a saline solution (Fatt, 1976).
The term oxygen tension was used by Fatt because the electrode he was describing
(used by Heyrovsky) was large and consumed a large amount o f oxygen, thus depleting
the oxygen in the system and measuring its availability (or tension) in the system,
instead o f the absolute oxygen concentration.
Response time - The amount o f time required for the electrode to sense a change in
oxygen partial pressure in a medium under study.
Shank (microelectrode shank) - The area o f the microelectrode where the diameter is no
longer appreciably decreasing from the base to the tip and the diameter is
macroscopically constant, or the area between the neck and the tip (Figure 1).
Shoulder (microelectrode shoulder) - The area where the diameter of the electrode
begins to decrease from the base to the tip and the radius o f curvature is positive with
respect to the electrode, or the area between the base and the neck (Figure 1).
Sputtering (DC & AC Vacuum sputter deposition) - thin-film deposition system
utilizing an electric field to ionize atoms of an inert gas (such as argon) after a
satisfactory vacuum condition has been reached. When ions strike the target, they
dislodge atoms from it, depositing them on the facing target (Gise & Blanchard, 1978).
Accomplished using DC voltages for metal deposition and RF voltages for non-metals.
Used with the aid o f a magnetic field at the target (magnetron) considerably increases
deposition rate.
Stir sensitivity -test comparing the output current o f recessed electrodes at -0.7 volts
applied in a stagnant versus a moving 0.1M NaCl solution. This value is calculated as
in Equation 7.
Tip ('microelectrode tip) - The end of the electrode containing a recess that is inserted
into the substrate to make measurements (Figure 1).
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HYBRID ELECTRICAL/MASS TRANSPORT MODEL
B.1 Introduction
With the knowledge o f modeling techniques and proper representation o f the
physical constraints o f the system, the oxygen electrode measurement system may be
described with a hybrid electrical/mass transport model. This model consists o f two
basic parts.

The electrical equivalent circuit model describes the electrical

characteristics o f the electrode measurement system as a whole and the species mass
transport model describes the oxygen transport from the tissue to the catalytic surface o f
the electrode. The mass transport model defines the current generation at the catalytic
surface and drives the electrical model.

B.2 The Electrical Equivalent Circuit Model
The electrical equivalent circuit model was developed by combining 3
component models representing the 3 components of the instrumentation system. The 3
basic divisions of any instrumentation system electrical model are as follows: the
measurand (the medium being measured), the transducer system (including the oxygen
cathode and the reference electrode), and the signal conditioning and output system
(Webster, 1978).

These 3 divisions can be applied to the oxygen microelectrode

measurement system as described below.
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B.2.1 Modeling the M easurand

The measurand, or the solution containing some amount of oxygen to be
evaluated, is modeled by deriving Thevenin equivalent for each component part. The
resistance o f the solution in the channel is represented as one resistance, and the
resistance o f the solution outside the channel between the cathode and the reference
electrode is represented as another resistance. Resistances are defined remembering
that current is carried in the solution in the form o f ions and the resistance o f this ion
flow in solution is dependant upon the area through which the ions flow. The resistance
through the tip o f the electrode recess may be represented as
Eq. 10
M

A

where p, /, and A represent density, diffusion length, and area, respectively.

The

solution resistance may be represented as
- P

- , *

4 *71

r J,

V*.

i1_ >

Eq. 11

^2 j

where R\ and R2 represent the radius o f the tip and the larger radius of the cross section
o f the solution (2 cm). The wall o f glass that separates the solution inside the recess and
the solution outside the electrode may be modeled as a capacitor. A shunt resistance
through the glass wall may represent a ‘'less than perfect” insulator or a case where
cracks had developed in the outer wall o f the recess.
Additionally, there are usually two potentials that are associated with the tip o f
the electrode that are incorporated into microelectrode electrode models in general.
These are the liquid-junction potential and the tip potential. The junction potential is
associated with the liquid junction at the tip o f the electrode and the tip potential is
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associated with membrane-like characteristics that develop at very small tips.
The junction potential is defined as a potential that develops at the interface
between two solutions with different electrical mobilities. In the open tip model in this
work, the solution in the recess is the same as the solution outside. The mobilities o f
both solutions are the same, and there is no junction potential.
The tip potential takes into consideration the way the glass performs when
hydrated by the sample solution.

The tip potential phenomenon may change the

resistances o f very small tips. Its influence is only pronounced at extremely small tip
sizes (less than one micron diameter) and does not apply to the design o f the
microelectrode in this study.
The system comprised of all these elements together adequately describes the
measurand (solution system) and is shown in Figure 29 below:

Rs

WAWWr
NaCl Solution

Figure 29 - The Measurand Model
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B.2.2 Modeling the Transduction
P rocess

The transducer in this system is the platinum catalytic surface acting as a
cathode at the base o f the recessed micromanufactured oxygen microelectrode. To
complete the electrical circuit, the transducer must have some reference, which is an
Ag/AgCl reference electrode in this study. The reference electrode must be at least 50
times larger than the cathode (Fatt, 1976) so that the current density at the AgCl surface
will be small enough to consider the reference non-polarized.

The Ag/AgCI non-

polarizable electrode is a popular biomedical electrode for which there is a commonly
used general electrical model, as shown in Figure 30 below:

Figure 30 - The Ag/AgCl Reference Electrical Model

We associate a resistance and a capacitance in parallel with the interface o f the
AgCl surface and the fluid medium.

Also included is a battery in series with the

interface that represents the half-cell potential. In the Ag/AgCl electrode, the half-cell
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potential is +0.223 volts with respect to the standard hydrogen electrode reference
(Weast, et al., 1979).
For the oxygen cathode, which is a polarizable type electrode, there is a less
common modeling scheme.

The oxygen cathode delivers electrons to the catalytic

surface where they are used to reduce oxygen to hydroxide ion. There is no half-cell
potential associated with its surface. There is, however, still separation of charge at the
charge surface that exists as polarization across the interface. The electrode polarizes as
a voltage is applied across it. Current is driven through the system to polarize the
electrode/solution interface by the voltage that is applied to the entire microelectrode
circuit.

In the plateau range (-0.7-0.8 volts), the reactions that occur across the

polarized surface are almost entirely limited to the reactions involving molecular
oxygen (Fatt, 1976). As long as the surface remains polarized in this range o f voltage,
the current out of the cathode will be very nearly independent of the voltage across the
interface and dependant almost entirely on the rate at which oxygen reaches the
interface and is consumed.
The polarized gold surface catalyzes the reaction from Chapter 2

which

2e' + 0 2 + 2H20 - > H20 2 + 20FT

Eq. 1

H20 2 + 2e' - > 20FT

Eq. 2,

is the reaction that reduces oxygen and water to hydrogen peroxide and

hydroxide radicals with the addition of electrons that are measured as the current in the
system.

This reaction is the limiting reaction only when the cathode is polarized
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properly in the plateau range discussed in Chapter 2. The polarization at the gold
electrode surface is modeled as a capacitor, and a current generator is placed in parallel
with the capacitance to represent the current generated at the surface, which is
proportional to the flux o f oxygen toward the interface. Also included is a resistance in
series with this combination to allow for lead resistance. Also, it may be found that
there are capacitances between the lead and the rest o f the system. The system in this
work is designed to minimize all these lead capacitances through shielding. With these
considerations, the model for the cathode (including the attributes o f the recess channel)
is shown below in Figure 3 1.

Figure 31 - The Platinum Cathode Model

B.2.3 Modeling th e Signal
Conditioning and
O utput System
The instrumentation system in this work consists o f a voltage source in parallel
with a variable resistor and a voltmeter to set the voltage across the system as well as an
ammeter to measure output current.

The picoammeter used in this study can be
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modeled as a resistor based on the input impedance o f the device. Lead resistances
are also included for completeness. The Thevenin equivalents of these elements are
combined to get the output and signal conditioning system model shown in Figure 32.
M eter Resistance

"W W - WiV
Lead Resistance

Lead Resistance

Figure 32 - The Instrumentation Model
The internal impedance of the picoammeter may influence the measurement of output
current in our system, depending on the voltage drop associated with its impedance in
the system.

B.2.4 Modeling the Complete
System
Each o f the models discussed in the previous sections may be linked together to
describe the entire system. By combining all the model elements for the measurand, the
signal transduction system, and the signal conditioning and output system, a complete
system model may be developed. The complete system model of the microelectrode
measurement system described in this study is represented in Figure 33. This model
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performance. By varying the values o f the components, system limitations may be
evaluated under different operating conditions.

W A — r—( A )

M W M V

Figure 33 - The Complete System Circuit

The system may be simplified in light o f the fact that under steady state conditions, the
system in use in this study is primarily a DC system. The primary DC analysis of the
circuit allows for the elimination of the AC components of Figure 33. The components
that may be eliminated include capacitances across the electrode tip wall as well as any
other capacitances that may develop in the system. Though capacitance may influence
the system at many points, its consideration is not necessary here where the primary
consideration is the steady state voltage applied across the tip o f the electrode and the
current generated at the catalytic surface.

Simplification o f the system leaves the

elements shown in Figure 34 for analysis. It is important to note that the voltage read
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on the voltmeter is different from the voltage across the gold-electrolyte interface
due to voltage drops that occur at other places in the system. These significant voltage
drops dictate design in order to maximize system performance.

With further

simplification of the system, the influence o f significant voltage drops becomes more
evident.
p
Q X1UU

gold

ref

ref
’

-

- ■„ F

Figure 34 - The DC Electrical System Model

B.2.5 Model Simplification
and Testing
Voltage drops around the loop circuit described above are important because
large voltage drops may cause less voltage to be dropped across the cathode.

The

cathode voltage must be enough to drive the reduction reaction as described in Chapter
2.

Most of the voltage drops around the loop have little influence on the cathode
provided the system is designed correctly. Lead resistances are o f minimal influence
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because the resistances in these components are orders of magnitude smaller than
the major components, and they will account for insignificant voltage drops. The lead
resistances are eliminated from the model for this reason. Also, because of the large
area o f the reference electrode in relation to the size o f the oxygen electrode, there will
be little resistance across the surface o f this non-polarizable electrode. The reference
electrode will still maintain its half-cell potential, however. The solution resistance will
also be small as long as there is a reasonable amount of electrolyte in solution because
the cross-sectional surface area through which the current must travel between the
electrodes is large. This resistance may get larger if the microelectrode recess diameter
is extremely small. For the recess o f 10 microns or less, it will have minimal effect.
This treatment of the model also assumes that shunt resistances through the recess wall
are removed, which requires that no cracks or other pathways for current travel through
the wall exist.

It is also evident that the junction potential at the electrode tip is

negligible because the solution in the recess is the same as the solution outside the
recess.

The tip potential is one parameter that could have an effect on the system.

Lavallee (1963) found that surface charging at the electrode tip, in addition to a
difference in mobilities o f the solutions inside and outside of the recess, could cause an
appreciable potential generated across electrodes made of high resistivity glass with
very small tip diameters. His work showed that the tip potential was shown to effect his
electrodes at tip sizes o f 0.5 micron diameter or less. Since the oxygen microelectrodes
constructed in this work have much larger tip diameters (typically, 8 micron), the effect
o f tip potential need not be considered in this model. With these assumptions, the
microelectrode system electrical model is reduced as shown in Figure 35.
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1

.

in

Figure 35 - The Simplified Microelectrode System Model

In the reduced circuit model, the components that have major influence on the
loop circuit and its output are easy to visualize. The components may define some
constraints on the design parameters of the microelectrode measurement system. The
basic loop equation for the simplified system is:
Eq. 12
where
Eq. 13
A current in the range of picoamps as measured by Whalen et. al. (1967)
flowing through the loop would cause voltage drops across the tip and the ammeter of
only a few millivolts given average values for Rtip and RAmm- These numbers are
smaller than the currents generated by the tip as described in the next section (tip radius
= 2 microns, recess length = 10 microns). In this case, the variations in resistances do
not affect the voltage across the platinum surface. Therefore, current variations read on
a picoammeter would be truly the result o f variations in oxygen flux. If variations to the
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dimensions o f the tip radius and recess length are made, however, voltages across
these elements may get large. As the tip radius decreases and its length increases,
resistance in the tip increases.
More detail may be added for the current generated by the current generator at
the electrode surface.

This information may be added through the mass transport

model.

B.3 The Mass Transport Model
The electrode itself is modeled as a cylinder with an open and closed end. The
platinum surface that converts oxygen to current is located at the closed end o f the
cylinder. A cartoon of the oxygen microelectrode as it is modeled is shown below in
Figure 36.
Platinum Radius

Recess
Length

a

Figure 36 - Recess Model Diagram

The catalytic platinum surface contacts the solution in the recess at the base of
the recess. In the case of the model, which was developed before the experimental
work, the catalytic surface is a circular and not annular. The model was related to the
microelectrode designed in this work by comparing the surface area o f the model
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(cylindrical) with the calculated surface area (annular) o f the microelectrode. It is
assumed that at the steady state all oxygen that touches this closed end o f the recess is
immediately consumed. The consumed oxygen is translated to electrons (1 oxygen = 4
electrons) by reactions in Equations 1 and 2 above, and the flow o f these electrons
through the loop circuit is measured as the current detected by the picoammeter. The
consumption o f oxygen sets up a concentration gradient between the open and closed
ends o f the recess cylinder. The current generated at the closed end will be proportional
to the amount o f oxygen that diffuses through the tube to that point per unit time
provided that there is no oxygen consumption in the recess. Therefore, the current is
proportional to the mass flux of oxygen through the tube. This proportionality can be
easily demonstrated through a species mass balance for oxygen in the recess.

B.3.1 S p ecies M ass Balance
The species mass balance is based on a two-region model with a one
dimensional cylindrical part modeling the recess and a one dimensional zero-order
oxygen consuming part representing the sampling media (Figure 37). The four
constants, C l through C4, are evaluated using the following boundary conditions:
1) Zero concentration of oxygen at the tip o f the electrode due to infinitely fast
consumption;
2) Equal partial pressures of oxygen at the interface o f the tissue and the
electrode;
3) Partial pressure o f oxygen o f 40 mmHg at the outside of the sphere o f tissue
(rtiss); and
4) Equal fluxes into and out of the interface o f the tissue and the electrode.
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Figure 37 - M ass Balance Shells

Additional considerations are that the condition of the interface of the spherical and
cylindrical regions is considered to be freely permeable, and oxygen is considered to be
slightly soluble in both regions of the sampling medium. Solving the one-dimensional
shell balance for the cylindrical lumped distributed species mass transport model gives
the equations
Cl* -

C „ = - ^ —- + C2
D
Na i = C \

Eq. 14
Eq. 15

for concentration and flux in the recess where C ai represents the p02 distribution, and
N ai represents the flux of oxygen in the recess, and the equations
r2
C3
Cjr, = —— * k — — - + C4
m
6*D
D*r
r * k C3
N aii — ^ 1
3
r

Eq. 16
H
„
Eq. 17

for concentration and flux in the sample medium where Cah represents the p 0 2
distribution, and Nau represents the flux o f oxygen in the sphere o f sampling media
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surrounding the tip of the electrode, and k is the zero-order oxygen consumption
term.

B.3.2 Solving the System
By applying the first boundary condition to Equation 14, we get
Cai= ^ + °
Dl

Eq. 18,

C2=0

Eq. 19

or

and applying the third boundary condition to Equation 16, we get
1 Rtis2 , ..
C4=v- Atis "

6

D2

C3
k lI+ ----(R tisD 2)

Eq. 20.

We consider the interface condition o f
C AI C AH
al

a2

Eq. 21.

applying the second boundary condition where al and a2 are the solubility in both
regions o f 1.47* 10'9mol/g mmHg. This allows us to solve for the third constant,
L

1

Cl-----C3=-

(D l-a l)

Rele2 . ..

1 _

1

m

(6-D2)

kii----C AtI<--(-----

( 6-D2)a2

a2

1

1

( D2-( Rele-a2))

(D2-(Rtis-a2))

Rtis2 . ..

-kn

a2

Eq. 22.

Finally, applying the fourth boundary condition at the interface, an expression for the
first constant can be found.
By substituting the constants back into the equations for concentration and flux,
concentration profiles may be demonstrated in both regions.

These equations

demonstrate how manipulating recess length and diameter changes the oxygen profile in
both regions.
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B.3.3 Manipulation of the Model

From the discussion in Chapter 2, the amount o f distortion o f the oxygen
environment made by the electrode was suggested to be an important design criterion.
This distortion of the oxygen environment can be visualized by using the concentration
profile in the tissue region o f the model. The distribution o f oxygen in consuming
tissue may be modeled using the model in this work by setting the electrode tip
diameter near zero.

This distribution can then be compared to the distribution of

oxygen in the tissue region with a given tip diameter and recess length specified in the
model. For a tip diameter o f 4 microns and a recess length o f 10 microns, the dotted
line in Figure 38 describes the oxygen distribution in the tissue, while the solid line
describes the distribution in consuming tissue alone.
.39.9753. 40

F(r)
FCAHfr.Rele, 10)

25
.

2.

29.9.

r

Figure 38 - Profile of Oxygen in Consuming Tissue With and Without an
Electrode with Diameter of 4 microns and Recess Length 10 microns
Notice that the partial pressure (concentration) of oxygen drops quickly near the tip of
the electrode. This drop is because the electrode is consuming oxygen from the tissue,
and distorting the oxygen distribution. In this case, measurements will not accurately
reflect the concentration o f oxygen in the tissue.

Instead, measurements reflect

concentration in the depletion region around the tip. Here the recess length is only 10
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microns, however. This length may be easily changed in the model to evaluate any
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effect this change may have on the tissue oxygen partial pressure (concentration). If the
recess length is made to be 50 microns, the profile will change as shown in Figure 39
below.
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Figure 39 - Profile of Oxygen in Consuming Tissue With and Without an
Electrode with Diameter of 4 microns and Recess Length 50 microns
Notice that little oxygen is consumed from the tissue in this case.

It may also be

inferred that with a longer recess, the tip resistance increases by the equation
Resistance=/. -— ffi*1

Eq. 23
where
/.—Resistance(Specific)

Eq. 24

This parameter affects the electrical model as well. This modeling suggests that in the
oxygen microelectrode, there must be a balance between the resistance of the tip
property and the consumption of oxygen property. The modeling shows that they can
be balanced by adjusting recess length and tip radius in a constant medium. If the
electrode does not appreciably consume oxygen from the surrounding medium, then it
may be termed “stir insensitive.” Schneiderman has described appreciable consumption
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as when less than 95% of the electrode’s diffusion field lies within the recess
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(1975).

B.3.4 Trends S uggested
bv th e Model
The modeling performed prior to the experimental work suggested that smaller
tip diameters and longer recesses would make a better electrode.

This trait was

balanced by the fact that smaller recess diameters would lead to higher tip resistances
which could act to limit the system by causing voltage to be lost across this resistance
instead o f being applied across the catalytic surface to drive the catalytic reaction.
The selection of the dimensions used for tip diameter in this work were based on
the diameters of other microelectrodes in the literature as described in Chapter 2, the
results o f the modeling, ease of construction using micromanufacturing processes, and
also the desire to avoid the effects of tip potential that have been demonstrated in the
literature (Lavalee, 1963) (Schanne, et al., 1968).
The model demonstrates that as microelectrodes are made smaller and smaller,
the influences of tip resistance will become more important. It is easy to understand, by
looking at the work of Lavalee (1963), how the effects o f tip potential could work in the
same way.
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OXYGEN CONCENTRATION AND P 0 2
The purpose o f this appendix is to clarify the relationship between the various
units used to express oxygen concentration.
Authors in engineering disciplines commonly use the units of moles/liter or
moles/ml to express oxygen concentration.

Authors in the biological sciences

commonly report oxygen concentration in volumes o f gas per dissolved volume, ml0 2

/mI, by recognizing that a mole o f gas occupies 22414 ml. The latter method is more

convenient in biology, where lml-C^/ml is equal to 4.46 X 10° moles/ml.
A popular method used for implying an oxygen concentration is pC>2 or partial
pressure of oxygen, in mmHg.

Its equivalent value is determined by considering

oxygen in the liquid phase in equilibrium with oxygen dissolved in the liquid phase.
The concentrations are related to the partial pressure by the solubility through Henry's
Law. Solubility coefficient o f oxygen for the modeling in this study has been taken as

from Guyton (1986) as 0.024 ml-CK/ml at 37°C and 1 atmosphere. This coefficient
translates to a partial pressure o f 3.15 * 10*5 ml-CVml-torr.

Referring to oxygen

concentration as a partial pressure here implies reference through the equilibration
relation and allows for convenient relation to data in biological literature. For a detailed
resource on oxygen solubility, the reader is referred to Hitchman (1978).
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ELECTRODE TESTING CHECKLIST
The purpose o f this appendix is to give a protocol for testing o f the oxygen
microelectrode developed in this study in addition to the information given in individual
subsections o f Section 3.2.
Following the first three steps in the construction process should yield electrodes
with uncut tips. The utmost care should be taken in handling the electrodes during
processing to eliminate breakage. This checklist will start from this point.
1. Verify the integrity o f the insulation coating by placing a voltage across the the
electrode in solution and attempting to measure a current.

Test for depth

sensitivity.
2. Proceed with Step 4 o f the process to cut the tips o f the electrodes.
3. Take SEMs of the tips o f the electrodes should be taken at this point to verify tip
dimensions. This verification will be useful information to show the accuracy of
the layers applied during the sputtering step.
4. Electrodes should be inspected for cracks from the shoulder region to the tip. It
is useful to do a microscope inspection step immediately before and after the
electrodes are put in solution for testing of any kind.
5. Complete step 5 o f the production process to generate the recess. This step
should be observed under a microscope if possible. Using the microscope will
allow for the observation o f hydrogen generation at the tip and should show
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bubbling from any cracks near the tip. Depth sensitivity o f the electrode
should also be accessed at this time.
6. Inspect the electrodes under a microscope to determine if a recess has been
formed and access the condition o f the tip. Check for cracks all the way to the
shoulder.
7. Insure that the instrumentation system is properly grounded to minimize noise.
Noise may become a problem when measuring currents in the picoamp range if
proper grounding is not accomplished.

All cables in the system should be

coaxial. A shield to cover all but the tip of the electrode that is in solution is
useful to minimize noise in low current measurements.
8. Take a C/V curve at this time. Insure that stirring is minimized in the solution.
Make solutions with distilled water and insure that contamination is minimized.
Care must be taken to insure that solutions remain clean. Contamination in the
solution will inevitably end up on the tip of the electrode.
9. Low-oxygen C/V curves must be done with a low oxygen equilibrated solution
and with nitrogen flowing over the solution being tested. Care must be taken to
eliminate ambient air oxygen from diffusing into the system during the test.
C/V curves with any other known oxygen level sources should be done at this
time. This step will yield a calibrated electrode for stir sensitivity tests.
10. Conduct stir sensitivity tests taking care that fresh, clean solution is used for
each test. Insure that there are no cracks on the electrode neck and shank before
this test as the tip depth in solution inevitably varies during this test. Any depth
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sensitivity should be evident as well. Take care to keep the tip in solution
during the entire test to maintain electrode polarization.
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